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Chapter 3 Mechanistic Investigation of Nitroxide-based

Polymerization Inhibitors

3.1. Introduction

3.1.1. Nitroxide radicals

In the mechanistic studies of nitroxide-based polymerization inhibitors, nitroxide
radicals act as monomer stabilizers and also as an important reporting agent.
Nitroxide, also known as amine-N-oxide, is a functional group which contains an N-
O bond and side groups attaching to the nitrogen (e.g. RsN—0O). Nitroxide radicals,
also known as nitroxyl radicals, have substantial life time which enables them to be
widely used as persistent free radicals. In this thesis, the term of nitroxide refers to
nitroxide radicals. The chemical structures are shown in Figure 3.1.
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Amine-N-oxide Nitroxide radical

Figure 3. 1. Chemical structure of amine-N-oxide and nitroxide radicals.

A nitroxide radical is generally an oxygen-centred radical with the free electron
delocalised over the N-O bond. Spin density on the oxygen atom can be clearly
observed from the EPR spectrum of *’O-labelled TEMPO.! The resonance structures
for nitroxide radicals are shown in Scheme 3.1. The resonance effect contributes to

the stability of such radicals.

Scheme 3. 1. Resonance structures of nitroxide radicals.
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3.1.1.1. Synthesis of nitroxide radicals

Amine-N-oxides are normally synthesized by oxidation of amines or pyridine

analogs with hydrogen peroxide or peracids (Scheme 3.2).
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Scheme 3. 2. Oxidation of an amine to an amine-N-oxide.

If a secondary amine is oxidized by hydrogen peroxide or peracids, very often a
nitroxide radical is formed. Oxidation of secondary amines lacking o-hydrogens
leads to particularly persistent nitroxide radicals? (Scheme 3.3). The steric effect also

contributes to the stability of the radicals.
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Scheme 3. 3. Oxidation of a sterically protected secondary amine to a nitroxide radical.

Organic radicals are often highly reactive and unstable. However, sterically protected
and resonance stabilized organic radicals have been prepared and explored. A series
of nitroxide radicals with appreciable life time has been synthesized in the last 50

years>. Some common nitroxide radicals are shown in Figure 3.2.
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Figure 3. 2. Common persistent nitroxide radicals.

Among these structures, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) derivatives
(Figure 3.3) are the most widely used nitroxide radicals due to their remarkable

persistency. TEMPO is a red-orange solid at ambient conditions. It was discovered
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by Lebedev and Kazarnowskii* in 1960. TEMPO is usually prepared by oxidation of
2,2,6,6-tetramethylpiperidine with hydrogen peroxide.

o, o, O, O,
TEMPO 4-hydroxyl-TEMPO 4-amino-TEMPO 4-oxo-TEMPO

Figure 3. 3. Structures of common TEMPO derivatives.

3.1.1.2. General chemistry of nitroxide radicals

Oxidation and reduction

The redox reactions of nitroxide radicals have attracted much attention in the past
few decades. One electron oxidation of nitroxide radicals gives the corresponding N-
oxoammonium cation, and one electron reduction leads to the aminoxyl anion
(Scheme 3.4).

Scheme 3. 4. Redox reactions of nitroxide radical.

Similarly, the redox couples of TEMPO derivatives are well-known. Interconversion
of different oxidative states of TEMPO (Scheme 3.5) is in fact the basis for many
applications. The oxidation and reduction potential of TEMPO are 0.76V and 1.48V°,

respectively.
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Scheme 3. 5. Interconversion of TEMPO, hydroxylamine and N-oxoammonium cation.

The product of one electron oxidation of TEMPO, the corresponding N-
oxoammonium cation, is a strong oxidizing agent. N-oxoammonium cation is often
prepared by oxidation of TEMPO with halogens. The counter anion of the
oxoammonium cation is therefore usually chloride or bromide. Such salts can be
isolated. Golubev et al. discovered N-oxoammonium salt®’, and pioneered the

studies of its application as an oxidizing agent®.

TEMPO hydroxylamine (TEMPOH) is formed by one electron reduction of TEMPO.
It is usually synthesized by reduction of TEMPO under mild conditions (e.g.
ascorbate). In air, TEMPOH can be readily oxidized back to TEMPO. The
applications of TEMPO in biochemistry often relate to its reduction to TEMPOH. In
such systems, reduction of TEMPO usually involves metal ions® (Scheme 3.6).

>O< + Fe(ll) —— >(j< + Fe (Ill)

N N

O. OH
Scheme 3. 6. Reduction of TEMPO by ferrous iron.
Disproportionation reaction

Sterically protected nitroxide radicals have appreciable life time, however, if one or
more a-hydrogens present, nitroxide radicals can decompose to the corresponding

hydroxylamine and a nitrone®® (Scheme 3.7).
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Scheme 3. 7. Decomposition of nitroxide radicals with one or more a-hydrogen atoms.

TEMPO is stabilized by the a-methyl groups, and hence does not undergo such
reactions spontaneously. Instead, acid catalyzed disproportionation is a featured
reaction of TEMPO derivatives. Protonation of TEMPO is followed by a
disproportionation reaction which leads to formation of TEMPOH and N-

oxoammonium cation'! (Scheme 3.8).
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Scheme 3. 8. Protonation and disproportionation reaction of TEMPO.

Hydrogen abstraction by nitroxide radicals and antioxidant reactions of

hydroxylamines

This section considers the thermodynamic and kinetic aspects of hydrogen
abstraction reaction of nitroxide radicals and hydroxylamines. As persistent radicals,
TEMPO derivatives are inert compared to many other organic radicals (e.g. alkyl).
The persistency leads to many of their applications in EPR spectroscopy. In
biochemistry, their applications are often related to the hydrogen abstraction
reactions. Generally, nitroxide radicals can abstract hydrogen atoms from molecules
with labile hydrogen and form the corresponding hydroxylamine (Scheme 3.9). This
reaction is often reversible. The reverse reaction, hydrogen abstraction from

hydroxylamines is the basis of their antioxidant properties.

Scheme 3. 9. Hydrogen abstraction by nitroxide radical.
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Similarly, hydrogen abstraction is also essential to the antioxidant properties of
many phenols®> (e.g. 4-methoxyphenol). Some common phenols and

hydroxylamines are shown in Figure 3.4.

OH o
H3CO CHs >O<
N-OH
H3CO Xy7 H N
OH 10 OH o}
ubiquinol TEMPOH N-hydroxyphthalimide (NHPI)

Figure 3. 4. Chemical structures of ubiquinol, TEMPOH and N-hydroxylphthalimide (NHPI).

Bond Dissociation Enthalpies (BDEs) of the O-H bond in the corresponding
compounds can be used to qualitatively predict their hydrogen abstraction abilities.

BDEs of hydroxylamines can be compared to phenols (Table 3.1).

Table 3. 1. Bond dissociation enthalpies of O-H bonds in some R,NOH compounds and phenols.

Molecule BDE(O-H)/kJ-mol™
TEMPOH" 299.2
N-hydroxyphthalimide (NHP1)** 364
phenol® 362
4-MeO-phenol™ 340.2
2,4,6-(MeO)3-phenol*® 303.8
ubiquinol (CoQH,)* 310.5

Generally, higher BDE suggests lower reactivity of the O-H bond thus higher
reactivity of the corresponding nitroxide or phenoxyl radical. As shown in Table 3.1,
TEMPOH has a lower BDE(O-H) than other R,NOH compounds (e.g. NHPI). This
effect is due to the steric hindrance. Therefore, hydrogen abstraction by TEMPO
(Scheme 3.10) is more difficult compared to some other types of nitroxide radicals.

Scheme 3. 10. Reversible hydrogen abstraction to TEMPO.
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Evidently, thermodynamics of the reaction shown in Scheme 3.10 also depends on
the BDE(R-H) of the substrate (Table 3.2).

Table 3. 2. Bond dissociation enthalpies of R-H bonds.

Molecule BDE(R-H)/kJ-mol™
C,Hs-H 423
CeHsCH,-H 376
CH,=CH-H**® 460
HO-H 497
CH30-H 436
CH;00-HY 360
nBuOO-HY 358

Since BDE(R-H) in these compounds are generally higher than BDE(O-H) in
hydroxylamines and phenols, the reverse reaction is favourable. Kinetically, the
reaction rate k; of hydrogen abstraction from hydrocarbons (RH) by TEMPO is ca.
10° to 10 M5, which is significantly slower than the reverse reaction (k.;=10 to
10* M-s1)8. The reverse reaction, hydrogen abstraction from hydroxylamines and
phenols, is the basis for antioxidant applications of these compounds. In a general
antioxidant process, reactive radicals are quenched, while the antioxidant loses a

hydrogen atom and forms a less reactive radical (Scheme 3.11).

less reactive
(steric effect, resonance effect, etc)

I

R. + H-antioxidant —> RH + antioxidant
{

| non-radical product|

R+ ‘antioxidant —> R—antioxidant

[ non-radical product]

Scheme 3. 11. General antioxidant reaction via hydrogen abstraction.

Since the change in entropy (AS) of hydrogen abstraction reaction is often negligible,
if solvent effect is disregarded, Gibbs function (AG) relies on the enthalpies of O-H

bond breaking and R-H bond formation. Comparing the BDE values, hydrogen
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abstraction by hydroxyl and alkyl radicals is thermodynamically favourable. Peroxyl
radicals (ROQ"), due to lower BDE(ROO-H) of the corresponding peroxides, are less
reactive. Antioxidants with lower BDE(O-H) are required in order to quench peroxyl
radicals. Thus, a good antioxidant is usually characterized by a low BDE(O-H) value
(e.g. ubiquinol, TEMPOH).

Hydrogen abstraction can be described as a one-step hydrogen atom transfer (HAT)
reaction. Alternatively, it can also be illustrated in two-step pathways in which
hydrogen abstraction can be explained by an electron transfer (oxidation/reduction)

and a protonation process (Scheme 3.12).%°

X XH
e'| \ | e
X — XH
H

Scheme 3. 12. Reaction pathways from X" to XH.

By using this thermodynamic cycle, BDE of TEMPOH can be related to redox

potentials and pK, values of the corresponding species (Scheme 3.13).

Scheme 3. 13. Reaction pathways of TEMPO to TEMPOH.

The semiempirical relation between BDE, pKa and redox potential can be described
by Equation 3.1%.

BDE,,, =1.37pKa-23.1E (X ) +73.3kcal -mol ™ (3.1
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Here, BDExy is bond dissociation enthalpy of X-H in kcal'mol™, Eo(X) is the

oxidation potential of the conjugated base X in eV.

Radical reactions of TEMPO, TEMPOH and N-oxoammonium cation

TEMPO is inert compared to alkyl radicals due to steric hindrance and resonance
effect. Dimerization of TEMPO is very slow. However, highly reactive radicals (e.g.

alkyl) can react with TEMPO via an addition reaction (Scheme 3.14).

~p . ~p
+ R"— N

N
O. OR
Scheme 3. 14. Quenching of a reactive radical R" by a nitroxide radical via addition.

Reactions between TEMPO and alkyl radicals are fast. The reaction rate of TEMPO
with primary alkyl radicals” is ca. 10° M™s® at 60<C. These reactions are
sometimes reversible? because O-R bond in the product, alkoxyamine, is relatively
easy to break. Table 3.3 shows the bond dissociation enthalpies® of the NO-R bond
in some alkoxyamines. Compared to BDE(O-H) in hydroxylamines and phenols
(Table 3.1, p82), these products are less stable. The reversible reaction between
TEMPO and alkyl radicals is particularly important in living radical polymerization.
The application of TEMPO in mediating living radical polymerization will be
discussed in Section 3.1.1.3 (p88).

Table 3. 3. Bond dissociation enthalpies of some alkoxyamines.

Alkoxyamine BDE(NO-R)/kJ-mol™

G_\O—Nb 128.9
@4@ 1188

G_\O_Nb% 131.4
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Apart from radical addition, nitroxides can undergo redox reactions with other
radicals. Many applications of TEMPO redox couples in biochemistry are related to
quenching reactive radicals. Inter-conversion of TEMPO, TEMPOH and N-
oxoammonium cation, and their reactions with superoxide and hydroperoxyl

9,24

radicals™ <" are particularly important (Scheme 3.15).
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Scheme 3. 15. Inter-conversion of TEMPO, TEMPOH and N-oxoammonium cation and their

reactions with superoxide/hydroperoxyl radicals.

3.1.1.3. Applications of TEMPO derivatives

Applications of TEMPO mainly include mediating free radical polymerization®>?,

as polymerization inhibitors?®®, applications in Electron Paramagnetic Resonance

(EPR) spectroscopy®®, antioxidant®**?

in biochemistry and catalysts in organic
synthesis®**". Some of the applications are associated with the fact that TEMPO
derivatives are persistent free radicals. Some other applications are due to their redox

chemistry.

Applications in organic synthesis

TEMPO catalyzed alcohol oxidation is widely used in organic synthesis. In many

cases, a second oxidizing agent is required to oxidize TEMPO to N-oxoammonium
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cation which is the primary oxidant. An example catalytic cycle®* is shown in

scheme 3.16.

R’ R!
><OH TEMPO o ho
° +
W NaOCI, NaBr, 0°C > 2

R2
()
ocCr Br N H
1 - 2
o) OH R
R1
cr OBr >(Nj< >:O + H,0
OH

Scheme 3. 16. TEMPO catalyzed oxidation reaction of alcohols.

In this reaction, bleach (NaOCI) acts as the secondary oxidizing agent required to
synthesize the N-oxoammonium cation in situ via oxidation of TEMPO. The
oxoammonium salt, which is generated in situ by oxidation of a catalytic amount of
nitroxide with a stoichiometric amount of a secondary oxidant, has thus been
extensively used in the oxidation of primary and secondary alcohols. These oxidation
reactions lead to the corresponding aldehydes, ketones®® and sometimes carboxylic
acids and ethers®®**°. This type of reactions drew much attention due to its metal-free,
environmentally friendly and highly selective nature, which brings significant
advantages, particularly in pharmaceutical industry.

Applications in biochemistry

Interconversion between TEMPO, TEMPOH and N-oxoammonium cation and their
abilities to scavenge reactive radicals in biological systems is often exploited in their
applications in biochemistry. As effective antioxidants, TEMPO derivatives and their
redox couples can act as protective agents in a range of biological models of
oxidative stress and ageing. For instance, inflammation often leads to an increase in
the formation of reactive oxygen species including superoxide and hydroperoxyl
radicals. Functionalized hydroxylamine was studied as a potential diagnostic tool for

inflammation-induced oxidative stress®, as the formation of the corresponding

87



Chapter 3

TEMPO derivative can be monitored by EPR spectroscopy. The result shows that the
detection limit of superoxide radicals formation by functionalized hydroxylamine is
10 times lower than for the other spin traps such as DEPMPO (5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide). The chemical reaction is

shown in Scheme 3.17.

or OH
P=0 P=0
/| ~
N +0; +H — N + Hy0,
|
OH o

Scheme 3. 17. Reaction of functionalized hydroxylamine with superoxide radical.

Mediating living radical polymerization

Free radical polymerization typically results in polydisperse polymers due to various
termination mechanisms. Living radical polymerization relies on termination-free
propagation so that monodisperse polymers and block copolymers can be made.
TEMPO derivatives are common mediators of living radical polymerization,
particularly for styrene. As shown in Scheme 3.14 (p85), TEMPO can react with
alkyl radicals. This reversible reaction can be used to control radical polymerization.
TEMPO and the propagation radical can achieve a dynamic equilibrium with the
addition product alkoxyamine (Scheme 3.18). Under thermal conditions, homolytic
dissociation of the alkoxyamine can regenerate TEMPO and the reactive carbon-
centred radical, thus can restart the chain propagation. Here, TEMPO acts as a
controlling agent. The concentration of TEMPO can be used to shift the equilibrium,
thus control the rate of polymerization.

N-O

Ph Ph n
Ph Ph

Scheme 3. 18. TEMPO initiated and mediated living radical polymerization of styrene.
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Applications as polymerization inhibitor

Due to formation of dangerous chemicals (e.g. polyperoxides) in chain reactions and
possible run-away polymerization, stabilizers are commonly used to inhibit
polymerization during monomer storage. TEMPO derivatives are popular
polymerization inhibitors. Particularly, 4-hydroxy-TEMPO (4HT) is widely used in
industry to inhibit polymerization of a range of monomers. The investigation by
Reichert et al. shows immediate termination of methyl methacrylate polymerization
following addition of 4HT.? The induction period before polymerization resumes is
proportional to 4HT concentration (Figure 3.5).
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Figure 3. 5. Induction period induced by addition of 4HT to thermal polymerization of methyl
methacrylate.

Due to the applications of TEMPO derivatives in polymerization systems, next

section discusses the mechanism of free radical polymerization in detail.

3.1.2. Free radical polymerization and inhibition

Radical polymerization is an important type of polymerization in which chain
propagation is a radical reaction. Compared to anionic and cationic polymerization,
free radical polymerization is a relatively non-specific process which involves

various termination and chain transfer mechanisms.
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The initiation, propagation and termination steps of radical polymerization are

shown in Scheme 3.19.

Initiation:

| (initiator) —=  2r"

Propagation:

r"+RH —= rH + R

RR+M — RM'

rRM® M

Termination:

RM)r + (MR ——= R(M)pumR'

RM), + °r

RM). + (MR —= alkane + alkene

R(M),

— R(M)r

®)

(6)

()

Scheme 3. 19. Common initiation, propagation and termination mechanisms of radical

polymerization.

In the presence of initiator molecules, radicals (r") are generated (reaction 1). These

radicals can add to unsaturated bonds or undergo hydrogen abstraction from the

substrate to form carbon-centred radicals R (reaction 2). The alkyl radicals further

react with monomers (M) to start chain propagation (reaction 3 and 4). Reaction

between alkyl radicals and monomers is fast. The reaction rate** at room temperature
is ca. 10° M1s? (Table 3.4).

Table 3. 4. Reaction rate between alkyl radicals (R*) and monomers at 25<C.

R LD styrene methyl methacrylate
CHy’ 2.6x10° M5t 4.9x10° Mg
(CH3)sC 1.3x10° M st 6.6x10° Mt

90



Chapter 3

The end chain can be terminated via radical combination (reaction 5 and 6) or
dismutation with another propagation radical to form an alkane and an alkene

(reaction 7).

There are various types of polymerization initiators, which provide different
initiation radicals. Oxygen and carbon centred radicals are often generated to start
chain reactions since they are more reactive. Organic peroxides and azo compounds

are thus common initiators of radical polymerization (Scheme 3.20).

©X0/07<© hv or A , ©><O°

dicumyl peroxide

= >LCN A .
NC7<N N hv or ) K . N

azobisisobutyronitrile (AIBN)

Scheme 3. 20. Free radical generation by dicumyl peroxide and AIBN.

The reaction between alkoxyl radicals and monomers is also efficient, but slightly
slower than the reaction between alkyl radicals and monomers in general. The
reaction rate? is ca. 10° M™-s™ at 60<C (Table 3.5).

Table 3. 5. Reaction rate between alkoxyl radical (CH3);CO" and monomers at 60<C.

T maonomer styrene methyl methacrylate

(CH3)sCO’ 9x10° M5 2.5%10° Mts?

3.1.2.2. Self-initiation mechanism

Spontaneous polymerization of organic monomers is the polymerization reaction in
the absence of additional initiators. As shown in Scheme 3.21, if the monomer is
exposed to heat or light, it can form carbon radicals directly (reaction 8). Then the

carbon radical reacts with the other monomers to form polymer chains.
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M — R’ (8)

R+ M —= RM® @)
Scheme 3. 21. Formation of alkyl propagation chain in the absence of polymerization initiators

Self-initiation of spontaneous polymerization often involves complex reaction

mechanisms. For instance, Mayo***

mechanism was proposed to explain
autoxidation of styrene (Scheme 3.22). Styrene molecules undergo Diels-Alder
reaction which forms a dimer with a labile hydrogen atom. Another molecule of
styrene can react with the dimer via molecule-assisted homolysis (MAH) mechanism
and yields carbon-centred radicals which lead to initiation. The driving force of

MAH mechanism is formation of an aromatic radical.

Ph

40-41

Scheme 3. 22. Self-initiation mechanism of styrene proposed by Mayo.

In monomers lacking conjugated double bonds, Diels-Alder reaction is not possible.
Thermal initiation, however, is a widely acknowledged mechanism for many
monomers and monomer combinations. Initiation involves a biradical intermediate

followed by hydrogen abstraction from H-donors***? (Scheme 3.23).

initiate monoradical
polymerization

ot D
/

initiate biradical polymerization

R
E[ non-radical product

R

Scheme 3. 23. Thermal initiation mechanism.
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It is not clear if thermal initiation is only related to monomer molecules, because
trace amount of impurities could also initiate the mechanism. For instance, as shown
in Scheme 3.24, peroxides can yield alkoxyl radicals RO by cleavage of the oxygen-
oxygen single bond (reaction 9). The alkoxyl radicals can add to double bonds of the

monomer molecule that leads to formation of propagation radicals (reaction 10).

ROOR — 2RO’ 9)

RO + M — M’ + ROH (10)
Scheme 3. 24. Organic peroxide initiation mechanism.

Metal salts can lead to redox initiation by reacting with the monomer (Scheme 3.25).

M-H + Fe** —= M" + Fe?* + H*
Scheme 3. 25. Initiation mechanism of iron(l11).

Oxygen species can also initiate polymerization either by hydrogen abstraction or via
addition reactions. Molecular oxygen can abstract hydrogen atoms from monomers

and form alkyl radicals* (Scheme 3.26).

slow

M-H + O M + OOH

Scheme 3. 26. Hydrogen abstraction from monomer (M-H) by molecular oxygen.

Denisov* suggested that initiation by molecular oxygen is a termolecular process
(Scheme 3.27), since this mehanism involves appreciably less energy than the
bimolecular process. Hydrogen abstraction mechanism is particularly important for
compounds containing weak R-H bonds. The reaction rate has been determined to be
1.2x10° M5 (at 127<C) in cyclohexane.*

slow

M-H + O, + H-M M + HOp + M

Scheme 3. 27. Termolecular initiation by O,.
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Compared to molecular oxygen, hydrogen abstraction by some reactive oxygen
species is faster. For instance, O, could undergo one-electron reduction to
superoxide ion O,". Hydrogen abstraction from monomer by superoxide leads to
formation of an initiation radical (Scheme 3.28).

0; + M-H —= M + HOO"

Scheme 3. 28. Hydrogen abstraction from monomer (M) to superoxide ion.

3.1.2.3. Inhibition and retardation mechanism

During monomer production and storage, spontaneous polymerization can be
initiated via various mechanisms. To prevent the formation of dangerous chemicals
(e.g. poly-peroxide) during monomer storage, inhibitors are used to scavenge the
initiating species and the propagation radicals. There are mainly two reaction
mechanisms by which inhibitors (IH) terminate the propagation radicals (Scheme
3.29). Reaction 11 illustrates a hydrogen abstraction mechanism. The propagation
radical is terminated by abstracting a hydrogen atom from the inhibitor molecule,
and forms a less reactive inhibitor radical I". The second mechanism (reaction 12) is
to quench the propagation radical via an addition reaction to form a relatively stable
species RIH". The radicals formed in these mechanisms (i.e. I' and RIH") are not
reactive thus can neither add to double bonds nor abstract hydrogen atoms.
Consequently they usually form non-radical products by combining with another

radical or dismutation.

R'+ IH—= RH +1I° (11)

R'+ IH— RIH® (12)

Scheme 3. 29. Hydrogen abstraction (reaction 11) and addition mechanism (reaction 12) of

polymerization inhibition.

Different types of inhibitors follow different inhibition mechanisms. Hydrogen
abstraction is typical for phenol- and amine-type inhibitors, while addition

mechanism is common to nitroxide and quinone inhibitors. Some commercial
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polymerization inhibitors are shown in Figure 3.6. The mechanism of different

inhibitors is discussed in the following sections.

OCHs OH
> >ﬁj<
L0 N
OH H Q

4-methoxylphenol (MEHQ) phenothiazine (PTZ) 4-hydroxyl-TEMPO (4HT)

Figure 3. 6. Common polymerization inhibitors.

Dioxygen (Oy)

A number of polymerization inhibitors quench chain carrying radicals via addition
reaction to form a less reactive species*®. Molecular oxygen can be considered an
inhibitor of this type, because of its reaction with the propagation radicals. As shown
in Scheme 3.30, O, reacts with alkyl radicals (R’) rapidly (ca. 10° M™*s™ at room
temperature)’’ to form peroxyl radicals (RO,). When dissolved oxygen
concentration is high, the formation of peroxyl radicals is significant because
addition of propagation radicals to oxygen (reaction 13) is much faster than addition
to monomers (Scheme 3.19, reaction 3, p90). For oxygen concentration above 10 M,
the concentration of RO," is much higher than R".*’ Peroxyl radicals are much less
reactive as compared to alkyl radicals. Reaction rate of peroxyl radical with styrene
is 68 M1-s™t at 25C*. Hence, peroxyl radicals are not efficient in initiating chain

propagation. Most peroxyl radicals terminate via reaction 14.
R" + 0, —= ROO (13)

ROO + ROO — ROOR + O,  (14)
Scheme 3. 30. Formation and termination of propagation radical by peroxyl radicals.

Due to the mechanism shown in Scheme 3.30, molecular oxygen inhibits free radical
polymerization. During this process, oxygen is consumed via its reaction with
propagation radicals. Since this is a rapid reaction, as oxygen depletes, termination
of peroxyl radicals leads to formation of organic peroxides (reaction 14). Thereafter,

as shown in Scheme 3.24 (p93), homolytic cleavage of O-O bond releases more
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reactive radicals and eventually promotes polymerization. Hence, extra

polymerization inhibitors are commonly added to further stabilize monomers.

MEHQ

Many polymerization inhibitors (e.g. phenols) work best in the presence of oxygen
because they intercept peroxyl radicals and decelerate oxygen consumption while
stopping chain propagation. 4-Methoxyphenol (also known as monomethyl ether of

48-50 i

hydrogquinone, MEHQ) is an inhibitor of this type. The inhibition mechanism S

shown in Scheme 3.31.

R+ 0, —= ROO (13)
OCHjs OCHj3
<> + ROO —= @ + ROOH  (15)
OH o}
OCHj; OCHs
+ R —= + RH (16)
OH o)

Scheme 3. 31. Inhibition mechanism of 4-methoxylphenol.

MEHQ quenches peroxyl radicals (reaction 15) and alkyl radicals (reaction 16) via
the same hydrogen abstraction mechanism which leads to formation of a phenoxyl

radical. The phenoxyl radical is less reactive because it is stabilized by resonance

effect (Scheme 3.32).
éoj éo? é

OCH3 OCH3 OCH3

Scheme 3. 32. Resonance contributors of MEHQ phenoxyl radical.
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However, direct quenching of alkyl radicals by MEHQ is not efficient. In fact, many
phenols including MEHQ alone are poor polymerization inhibitors. During monomer
storage, MEHQ alone cannot effectively inhibit polymerization in the absence of

dissolved oxygen.

PTZ

Phenothiazine (PTZ) is a widely used polymerization inhibitor, particularly in acidic
monomers (e.g. acrylic acid). The inhibition mechanism is completely different to
MEHQ. MEHQ intercepts peroxyl radicals much more efficiently than quenching
alkyl radicals, therefore efficacy of MEHQ largely depends on dissolved oxygen.
PTZ can also react with peroxyl radicals via an electron transfer reaction to form a
radical cation (Scheme 3.33). The radical cation of PTZ is stable, and its EPR

spectrum is well-known. 2

R* + 0, — ROO
s s
. o
w00 O o
N N
H H lH+

ROOH

Scheme 3. 33. Reaction mechanism of PTZ with alkyl radicals in the presence of oxygen.

However, this is not the dominant mechanism since inhibition by PTZ does not
depend on oxygen concentration. It was reported™ that addition of alkyl radical to
PTZ radical cation is responsible for inhibition. Levy>* suggested a more featured
PTZ inhibition mechanism which involves regeneration of PTZ in a catalytic cycle.
Experimental evidence suggests that disappearance of PTZ is slow. Therefore, the
catalytic inhibition mechanism is the main reaction route. The stoichiometric
coefficient largely depends on reaction temperature, because at elevated temperature
formation of high flux of alkyl radicals significantly increases the side reactions. The

mechanism is illustrated in Scheme 3.34.
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Scheme 3. 34. Catalytical inhibition mechanism of PTZ.

Stable product

Nitroxide-based inhibitors

Similar to molecular oxygen and PTZ, nitroxide inhibitors (e.g. TEMPO) work via
reactions with alkyl radicals. Nitroxide radicals terminate the propagation chains via
an addition reaction to form a non-radical product (Scheme 3.35). Addition of
nitroxide radicals to alkyl radicals (reaction 17) forms stable nitroxyl adduct>. This
reaction is fast. The rate of the combination of TEMPO with primary alkyl radicals
was reported to be ca. 10° M™s™ at 60 <T.# Reaction of nitroxide radicals with
alkoxyl radicals is less efficient. Peroxyl radicals do not react with aliphatic nitroxide

radicals under neutral conditions.

\ . ° \
N—O" +R —> NOR (17)
/ /

Scheme 3. 35. Inhibition mechanism of nitroxide-based inhibitors.

A recent report suggests®® that under acidic conditions, TEMPO derivatives can react
with peroxyl radicals efficiently. In acid, protonated nitroxide has lower BDE(O-H)
than the corresponding hydroxylamine. This makes protonated TEMPO a good
hydrogen atom donor which can react with peroxyl radicals. The reaction is shown in
Scheme 3.36.
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Scheme 3. 36. Reaction of TEMPO with peroxyl radical under acidic conditions.

In the presence of acetic acid, the reaction rate of peroxyl radicals with TEMPO is ca.
10" M*tst at 30<C. Therefore, under acidic conditions, TEMPO can quench both
alkyl radicals and peroxyl radicals. It makes TEMPO an efficient antioxidant for

acidic monomers.

3.1.3. Aims and objectives

The work described in this chapter details the investigation into nitroxide-based
inhibitors in a number of organic monomers. Although radical polymerization and its
inhibition are very important in industrial applications, the inhibition mechanism is
often vague. For instance, the inhibition mechanism of nitroxide-based
polymerization inhibitors is often attributed to addition of nitroxide to alkyl radicals
or HAT of protonated nitroxide with peroxyl radicals. However, the effect of acid-
catalyzed disproportionation of nitroxide radicals is not considered in the inhibition
mechanism. Furthermore, practically polymerization inhibitors are commonly used
in their mixtures, but the synergism of the inhibitors is unclear. There are a few
studies on the interaction of dissolved O, and polymerization inhibitors, however,
the synergistic inhibition mechanism of the additional inhibitors is not known. Hence,
the aim of this investigation was to unveil the mechanism of inhibition and the
associated chemistry in nitroxide (e.g. TEMPO) inhibited, self-initiated
polymerization of acrylic acid. To achieve the aim, an investigation methodology
was to be developed to support mechanistic study of TEMPO reactions in organic
monomers. The synergistic inhibition mechanism of TEMPO with two common
inhibitors, MEHQ and PTZ, was to be studied in acrylic acid. To propose a detailed
mechanism of TEMPO derivatives in acrylic acid, a model system was to be built to

permit kKinetic and mechanistic studies.
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3.2. Methodology development for monitoring nitroxide inhibited

polymerization

Spontaneous radical polymerization systems involve self-initiation, chain growth and
inhibition mechanisms. As discussed in Section 3.1.2.1 (p90), deactivation of the
propagation chain can be achieved using three competing termination pathways.
Firstly, reaction of alkyl propagation radical with molecular oxygen is rapid and
efficient, leading to formation of peroxyl radicals which are much less reactive.
However, oxygen inhibited polymerization generates alkoxyl radicals as O, depletes,
which leads to initiation when O, concentration is low. Secondly, alkyl radicals can
be terminated by reactions with additional polymerization inhibitors/retarders, either
via hydrogen abstraction or an addition reaction, or both. Often a less reactive
species or a non-radical product is formed in this mechanism. Thirdly, radical
combination and dismutation of the propagation chain leads to termination. Due to
the high reactivity of alkyl radicals and the high concentration of unsaturated
compounds, the alkyl radicals tend to react with double bonds. Hence this
mechanism is less effective for monomers. In summary, inhibition mechanism may
mainly rely on quenching propagation radicals with molecular oxygen and with
inhibitor (e.g. TEMPO). In fact, oxygen is consumed during propagation. Hence, in
order to understand the inhibition mechanism of nitroxide radicals, it is necessary to

monitor concentrations of both nitroxide inhibitor and oxygen in the system.

3.2.1. Monitoring O, concentration

3.2.1.1. Analytical method survey

Measuring dissolved oxygen concentration (DO)*’ is critical for many areas from
manufacturing to in vivo. This is often achieved by using either a pressure sensor or
an oxygen sensor. Monitoring pressure in a closed system involves a pressure
transducer and requires a large quantity of sample, therefore not convenient. An
alternative means of sensing oxygen have been explored during the last few decades,
with developments in oxygen electrodes and optical oximetry methods.
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*839 and galvanic®® electrodes are commonly used for

Polarographic (Clark-type)
measuring DO, but these methods are not suitable for organic media. Optical
oximetry employs a fluorescence probe and a fluorescent dye. The DO measurement

6162 However, fluorescence

is based on quenching of fluorescence by oxygen
oximetry depends on the lifetime of the fluorescence probe, therefore is not suitable

for DO measurements over a long time range.®®

Apart from the conventional methods, EPR oximetry®® is a valuable way to monitor
oxygen concentration. In EPR oximetry, DO measurement is based on the interaction
of dissolved oxygen molecules and an external paramagnetic species. Applications
of EPR oximetry in medicinal and biological chemistry®®’ have drawn much
attention during the past few decades due to its advantage as a minimally invasive,
sensitive and accurate method to measure partial oxygen pressure (p(O>)) in vivo and
in vitro. Adoption of this method into organic systems® has also shown much
potential due to its high sensitivity and minimum sample requirement. Hence, EPR

oximetry was employed as a main investigation method in this work.

3.2.1.2. EPR oximetry

EPR oximetry is based on the fact that the EPR linewidth of some paramagnetic
species depends on p(O,). Molecular oxygen, which is a naturally occurring triplet
radical, cannot be directly detected by EPR spectroscopy due to its fast relaxation.
Therefore, this technique usually employs a second paramagnetic material in the
system. Most commonly used probe is soluble persistent free radicals (e.g. TEMPO)

and paramagnetic solids (e.g. fusinite)®®"

. The external paramagnetic species
interacts with molecular oxygen, which broadens its EPR linewidth. Two
interactions contribute to the line-broadening effect, Heisenberg spin exchange’® and
dipole-dipole interaction. In dilute solutions, dipolar interaction averages out. For
most systems with low viscosity, the exchange interaction dominates and dipole-
dipole interaction is negligible. Broadening of the EPR linewidth by O, via exchange
interaction during its collision with the external paramagnetic species, is proportional
to p(0,) or O, concentration. EPR peak-to-peak linewidth is described”® by equation

3.2.
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AH,, = AH,

int

+ 47RD, [O,] (32)

Here, AHp, is the peak-to-peak EPR linewidth, AHiy is the intrinsic linewidth, R is
the interaction radius between oxygen and the external paramagnetic material, Doy iS

diffusion coeffecient of oxygen, [O;] is dissolved oxygen concentration.

Since the line broadening effect is a function of oxygen concentration, quantification
of O, is possible. Conventionally, instead of the linewidth, peak height of EPR
spectra is often measured as a function of oxygen concentration.”® This method
assumes a constant intensity of the paramagnetic material. However, concentration
of the paramagnetic material often changes. As a result, this method has a significant

limitation when the reporting species is consumed during the measurement.

3.2.2. Methodology development for EPR oximetry

3.2.2.1. Fitting method

Visually, introduction or removal of oxygen into a sample solution leads to
reversible EPR linewidth change. For instance, deoxygenation process often results
in sharpening of EPR spectra (Figure 3.7).

— Original
—— Degassed

—

Figure 3. 7. EPR spectra of TEMPO: a, air-saturated (black). b, deoxygenated (red).

Hence, fitting EPR spectra of samples with different oxygen concentration permits

measurement of relative and absolute [O5] in such systems.
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The assumption of the conventional peak height measurement is that intensity of the
reporting radical does not change during the process. Evidently this method has a
profound limitation as concentration of the external paramagnetic material is not
constant in many cases. Smirnov’® et al. developed a convolution-based fitting
method to extract the line broadening function from the EPR line shapes by fitting
experimental spectra as a convolution of an unbroadened EPR spectrum (normally
obtained from a deoxygenated sample) and a Lorentzian’® function. The fitting result
can either be presented as a line broadening function or can be transformed into
concentration units. If only relative oxygen concentration is of interest, an alternative
fitting against a simulated sharp spectrum is also valid. This fitting method has been
used in many biological systems, but few applications are reported in organic

systems.

3.2.2.2. EPR oximetry via convolution-based fitting method

We thus adopted the oximetry fitting method in the investigation of organic
polymerization systems. To study the inhibition mechanism of TEMPO derivatives
in acrylic acid, kinetic profiles of both nitroxide and oxygen consumption are
important. This method has a significant advantage as it allows simultaneous
determination of both TEMPO and O, concentrations. Besides, the fitting method
also gives more accurate results compared to the conventional peak height
measurement method. Fitting of experiment spectra utilizes all data points, while the

conventional method usually relies on only two points.

To establish the feasibility of using this fitting method in organic systems, a
deoxygenation experiment was carried out. An air saturated solution of 20ppm
TEMPO in distilled acrylic acid was sealed in a gas-permeable Teflon tube and
deoxygenated in an N, flow at room temperature. EPR spectra of TEMPO in acrylic
acid were recorded over ca. 1.5 hours. Figure 3.8 shows EPR spectra linewidth
plotted against time, which could also be interpreted as evolution of oxygen
concentration in the solvent. A clear linewidth sharpening effect was observed,

which is consistent with the deoxygenation process.
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Figure 3. 8. Deoxygenation by blowing N, gas through a solution of 20ppm TEMPO in acrylic
acid sealed in an oxygen-permeable Teflon tube: a, EPR spectra of TEMPO at 0 (red), 5 (blue)
and 20 (black) minutes of the deoxygenation process. b, time evolution of Lorentzian

broadening (¢) and [TEMPOY] (o) using completely deoxygenated sample as a reference.

To establish the methodology in a real polymerization system, TEMPO inhibited,
spontaneous polymerization of styrene was studied as a model system®. Upon
heating 40ppm TEMPO in distilled styrene solution sealed in a capillary in the EPR
cavity at 100<€, sharpening of EPR spectra was observed over time as a result of the
autoxidation process of styrene. As shown in scheme 3.22 (p92), Diels-Alder self-
reaction of styrene leads to formation of a carbon-centred radical which reacts with
dissolved oxygen rapidly. Oxygen consumption results in sharpening of TEMPO
EPR spectra. The series of spectra were fitted and a time dependence of oxygen and

TEMPO concentration is shown in Figure 3.9.
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Figure 3. 9. TEMPO EPR signal evolution in distilled styrene in a sealed capillary at 100<€. A

convolution-based fitting method was used to simultaneously determine both TEMPO decay
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and oxygen consumption. a, EPR spectra of TEMPO at different times. b, time evolution of

TEMPO intensity (pink) and Lorenzian line broadening (blue).

Figure 3.9 shows that while oxygen was being consumed in the reaction, TEMPO
concentration remained relatively stable. After oxygen was consumed, TEMPO
started to decay rapidly. This observation confirms the commonly accepted

mechanism of nitroxide polymerization inhibitors*>

. In the beginning, oxygen
reacts with alkyl radicals fast to form peroxyl radicals, which results in consumption
of oxygen. Nitroxide radicals also react with the propagation radicals but the reaction
rate is slower than for oxygen. Peroxyl radicals do not react with TEMPO. Therefore,
in the beginning of the reaction, nitroxide concentration stays relatively unchanged.
As oxygen is consumed, TEMPO starts to act as a major inhibitor to quench alkyl
radicals. This mechanism shows that nitroxide radical inhibitors remain active when

oxygen concentration is low.

3.2.3. Oximetry fitting method in nitroxide inhibited methyl methacrylate

and acrylonitrile

The results obtained in TEMPO inhibited spontaneous polymerization of styrene
demonstrated the useful application of the oximetry fitting method. In order to
further validate the methodology and test the scope of its application, the oximetry
fitting method was used to study the TEMPO inhibited spontaneous polymerization
of methyl methacrylate and acrylonitrile. As discussed in Section 3.1.1.3 (p86), a
TEMPO derivative, 4-hydroxy-TEMPO (4HT) is widely used commercially as a
polymerization inhibitor. It is mainly used to stabilize styrene, methyl methacrylate,
acrylonitrile and acrylic acid (Figure 3.10).

O
(e}
~
©\/ Yj\o /\\\N \)kOH

styrene methyl methacrylate (MMA) acrylonitrile (ACN)  acrylic acid (AA)

Figure 3. 10. Structures of styrene, methyl methacrylate, acrylonitrile and acrylic acid.
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Figure 3.5 (p89) shows an inhibition efficacy study of 4HT in spontaneous methyl
methacrylate polymerization. It suggested that as soon as 4HT was introduced to
methyl methacrylate polymerization mixture, polymerization stopped immediately.
However, the efficacy study did not provide Kinetic data for 4HT decay and oxygen

consumption.

3.2.3.1. 4HT inhibited spontaneous polymerization of methyl methacrylate and

acrylonitrile

In order to generate kinetic data, a solution of 100ppm 4HT in neat methyl
methacrylate was sealed in a capillary. The capillary was heated at 100<€ inside an
EPR cavity to stimulate autoxidation. As shown in Figure 3.11, after prolonged
heating (16 hours) of the reaction mixture, 4HT concentration remained constant
while relative oxygen concentration dropped significantly. Surprisingly 4HT decay

was not observed on this time scale.
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Figure 3. 11. 100ppm 4HT (5.47x10"* M) inhibited spontaneous polymerization of methyl
methacrylate in a sealed capillary at 100<€: Time-dependent decay of 4HT (red) and oxygen

(blue).

Presumably as oxygen concentration becomes lower, 4HT decay would occur upon
further heating. But compared to the observations in styrene, where TEMPO is
consumed within 0.5 h, spontaneous polymerization of methyl methacrylate is
significantly slower. A lack of efficient initiation mechanism could explain this
effect. In styrene, the Mayo mechanism provides an effective route for generating
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alkyl radicals. In methyl methacrylate, it is speculated that the self-initiation process
largely relies on thermal initiation (Scheme 3.23, p92), hydrogen abstraction by
oxygen species (Scheme 3.26-3.28, p93-94) and impurities such as peroxides
(Scheme 3.24, p93) and metal salts (Scheme 3.25, p93). Therefore, the O,
consumption in methyl methacrylate is much slower than in styrene, which leads to a

stable 4HT concentration.

A similar observation was obtained in acrylonitrile (Figure 3.12). Upon heating
100ppm 4HT in neat acrylonitrile in a sealed capillary at 100 <€, a significant drop
of relative oxygen concentration was obtained. However, in the time scale of 13
hours, 4HT concentration dropped by only 10%. Similarly, it’s plausible to presume

that more aggressive 4HT decay would occur eventually upon further heating.
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Figure 3. 12. 100ppm 4HT (4.71x10™* M) inhibited spontaneous polymerization of acrylonitrile
in a sealed capillary at 100<€€: Time-dependent decay of 4HT (red) and oxygen (blue).

In summary, self-initiation rate of styrene is much faster than methyl methacrylate
and acrylonitrile. It suggests that Mayo mechanism is the primary route of styrene
autoxidation process. In methyl methacrylate and acrylonitrile, there is no effective
self-initiation mechanism. The oximetry fitting method showed reproducibility in
different polymerization systems. However, the instrument stability limits the use of

this method to monitor long reactions (e.g. reactions which last for days).
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3.2.4. Methodology limitations

During the work on the feasibility of EPR oximetry, some limitations of the fitting
methodology were noticed. Firstly, in an extremely slow self-initiated
polymerization process, the reaction time is so long that stability issue of the EPR
instrument may be no longer negligible. In Figure 3.11 (p106), one can see a break
point in the kinetic curve of oxygen consumption. After carefully examining the
original spectra, it was confirmed that phase instability was responsible for this
observation. Although phase was corrected during the fitting process, a phase change
which occurs suddenly in the series of spectra results in different total intensity and
becomes a source of error. It is possible to increase the reaction rate considerably by
carrying out these experiments at a higher temperature. In industry, the temperature
of polymerization reactors®® of acrylonitrile ranges from 60-150€. The temperature
of methyl methacrylate reactors is even higher. However, the boiling points of
methyl methacrylate and acrylonitrile are 101<€ and 77<€, respectively. Overheating
the samples may risk an explosion inside the EPR spectrometer. Therefore, the first
limitation of this methodology is that it is difficult to monitor slow reactions which

require substantial reaction time.

Secondly, accuracy of such measurements largely depends on the quality of fitting. It
has been noticed that the fitting software cannot cope with the small linewidth of the
broadening function. Therefore, if oxygen consumption leads to very sharp EPR
spectra which are comparable to that of the reference sample (e.g. completely
deoxygenated sample), the fitting becomes less accurate or even fails in some cases.
Fortunately, this problem can be easily solved. It is possible to manually simulate a
sharper EPR spectrum by manipulating the linewidth parameters. This artificial
spectrum is much sharper than experimental spectra. By using the simulated
spectrum as a reference, adequate linewidth differences allow proper fitting

performance. Consequently, an accurate kinetic analysis can be achieved.

Thirdly, EPR oximetry relies on the external paramagnetic species. In this case,
nitroxides are the reporting material in the system. The advantage of EPR oximetry
in studying nitroxides inhibited polymerization is that the concentration of nitroxides

is also of primary interest in the investigation. However, when nitroxides
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concentration becomes too low, it could jeopardize the reliability of this method. In
industrial conditions, several tens ppm of nitroxide concentration is a typical value
used for storage of monomers. Sensitivity is in fact an advantage of EPR
spectroscopy, but even so, when nitroxide concentration drops significantly below
10ppm, the noise level of EPR spectra starts to affect the fitting quality. In such
cases, it was observed that kinetic curve of oxygen consumption became noticeably
more scattered. Hence, in this work, higher nitroxide concentration (e.g. 100ppm) is

often used to allow accurate oxygen consumption measurements.

In conclusion, the limitations of the methodology are mainly difficulties in accurate
measurements under some extreme conditions. But overall, this method brings some

unique advantages in studying nitroxide inhibited polymerization systems.

3.3. Investigation of spontaneous polymerization of acrylic acid

inhibited by nitroxide radicals

3.3.1. Introduction

Acrylic acid (AA) is the simplest unsaturated carboxylic acid. It is an important
chemical intermediate used to produce homo- and co-polymers, textiles, and
numerous other industrial and consumer products. Wide applications from paints and
polishes to plastic and coatings make acrylic acid an extremely valuable product in
industry. Modern acrylic acid production is often via gas phase catalytic oxidation of

propylene’® (Scheme 3.37).

N+ 0, catalyst /\[fOH + Hy0
(e}

Scheme 3. 37. Catalytic oxidation of propylene to form acrylic acid.

Due to the commercial value of this product, many attempts were made on

optimizations of acrylic acid plants. Even so, temperature of acrylic acid reactor is
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usually still very high (200-300<C). As discussed in Section 3.1.2.2 (p9l),
spontaneous polymerization can be initiated by impurities in the plant or other self-
initiation mechanism. Primary radicals (R") formed in the initiation step can add to
the vinyl group on acrylic acid resulting in formation of the propagation radical
(Scheme 3.38).

o 0
Ay TR R OH
. 0
A, COOH

Scheme 3. 38. Radical polymerization of acrylic acid.

Common inhibitors used in acrylic acid include 4-hydroxy-TEMPO (4HT), 4-
methoxyphenol (MEHQ) and phenothiazine (PTZ). As discussed in Section 3.1.2.3
(p94), these stabilizers have different inhibition mechanisms. In fact, stabilizer
mixtures are commonly used in monomers to achieve a synergistic and enhanced
inhibition effect. However, the synergistic mechanism of inhibitor mixtures is not
clearly known. Therefore, in this work particular attention was paid to the chemistry
of nitroxide-containing inhibitor mixtures in spontaneous polymerization of acrylic
acid. The study was carried out using EPR oximetry via convolution-based fitting

method.

3.3.2. Investigation of synergistic inhibition of self-initiated acrylic acid

polymerization

3.3.2.1. Inhibition of self-polymerization of acrylic acid by 4HT/MEHQ and
AHT/PTZ mixtures

The inhibition effect of 4AHT/MEHQ and 4HT/PTZ mixtures were studied due to
their extensive application in industry, but more importantly, because of their
different inhibition mechanism. MEHQ is known to inhibit propagation by

intercepting peroxyl radicals and slowing down oxygen consumption, but it is not
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efficient in quenching alkyl radicals. 4HT and PTZ both work by reacting with alkyl
radicals but not efficient in trapping peroxyl radicals. Effectively, 4AHT/MEHQ is a
mixture of different types of inhibitors, and 4HT/PTZ is a mixture of the same type
of inhibitors.

Therefore mixtures of 4HT with MEHQ and PTZ were heated in acrylic acid to high
temperature (e.g. 100<C) to monitor 4HT and oxygen concentration using EPR
oximetry. Surprisingly, we observed that in acidic media, the presence of PTZ
significantly accelerated 4HT decay. Figure 3.13 shows that, in the presence of
100ppm PTZ, 100ppm 4HT decays very fast in acrylic acid even at room
temperature. This effect was not observed in neutral monomers (e.g. styrene). Due to
the low 4HT concentration, oxygen concentration obtained from the oximetry fitting
method showed significant scattering. However, it is clear that relative [O,] does not
change, which can be explained by lack of self-initiation of acrylic acid at room

temperature.
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Figure 3. 13. Time-dependent decay of 4HT () and oxygen (0) in an acrylic acid solution of
100ppm 4HT (6.10x10™ M) and 100ppm PTZ (5.27><10 M) mixture at room temperature.

This interesting observation is likely to be a result of oxidation of PTZ by

oxoammonium salt which is a product of 4HT disproportionation reaction (Scheme
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3.39). Scheme 3.8 (p81) shows that following protonation of TEMPO derivatives, a
disproportionation reaction takes place and yields the corresponding hydroxylamine
and N-oxoammonium cation. As a strong oxidizing agent, oxoammonium salt can
oxidize PTZ to its radical cation and be reduced to nitroxide radical.”” The PTZ
radical cation can be further reduced to form a divalent ion. Consumption of

oxoammonium salt drives the 4HT disproportionation reaction to completion.
0 L — 0L
+ —_— . +
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Scheme 3. 39. Oxidation of PTZ to its radical cation by oxoammonium salt.

At high temperature (e.g. 373K), decay of 4HT is too fast to be monitored by EPR in
the presence of PTZ. In order to slow down 4HT decay, a much lower concentration

of PTZ (10ppm) was used to allow proper Kinetic investigations.

Therefore, a solution of 100ppm 4HT and 10ppm PTZ in distilled acrylic acid was
sealed in a small capillary. The capillary was heated inside EPR cavity at 100€ and
EPR spectra were recorded over time. Similarly, the 100ppm 4HT alone and a
mixture of 100ppm 4HT with 100ppm MEHQ in acrylic acid was also monitored at
100<€ using the same approach. Analysis of EPR spectra provides kinetic profiles of
4HT decay and O, consumption (Figure 3.14).
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Red: 4HT alone. Blue: with MeHQ. Green: with PTZ.
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Figure 3. 14. Red: [4HT] (e) and relative [O,] (o) decay of 100ppm 4HT in acrylic acid at 100 <.
Blue: [4HT] (¢) and relative [O,] (0) decay of 100ppm 4HT + 100ppm MEHQ in acrylic acid at
100 <€. Green: [4HT] (m) and relative [O,] (o) decay of 100ppm 4HT + 10ppm PTZ in acrylic
acid at 100 <.

As shown in Figure 3.14, oxygen consumption in 4HT inhibited acrylic acid is much
slower as compared to in styrene (Figure 3.9, p104). It suggests that in acrylic acid,
there is no efficient self-initiation mechanism. Oxygen consumption in acrylic acid
inhibited by 4HT/MEHQ mixture is slower than inhibited by 4HT alone. This
observation is different as compared to styrene®®. In styrene, presence of MEHQ
accelerates oxygen consumption. We have proposed a mechanism to explain this
observation (Scheme 3.40). Hydrogen atom hopping between TEMPO and MEHQ
leads to a dynamic equilibrium of phenoxyl radical and TEMPO. The phenoxyl
radical can abstract the labile hydrogen from the dimerization product of styrene
Diels-Alder self-reaction. This reaction yields high flux of alkyl radicals and induces
accelerated oxygen consumption. Hydrogen abstraction from MEHQ by TEMPO is
not favourable due to the bond dissociation energies of TEMPOH and MEHQ (Table
3.1, p82). The reaction is driven by hydrogen abstraction from styrene dimer by the

phenoxyl radical to form an aromatic compound.
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Ph

Scheme 3. 40. Anti-synergistic inhibition mechanism of TEMPO and MEHQ in styrene
autoxidation process

In acrylic acid, the driving force for this mechanism does not exist. Therefore, low
concentration of phenoxyl radicals, which are not effective in adding to double
bonds, cannot promote alkyl radical formation. Quenching peroxyl radicals by

MEHQ is the main reaction route, and thus slows down oxygen consumption.

For 4HT/PTZ inhibited polymerization of acrylic acid, the presence of 10ppm PTZ
also decelerates oxygen consumption considerably. PTZ inhibits chain propagation
via reactions with alkyl radicals. Its reaction with peroxyl radicals is not efficient.
Therefore, slower oxygen consumption in this experiment is not due to PTZ alone,
but hydroxylamine. The role of hydroxylamine is discussed later in detail in Section
3.3.2.2 (p115).

Interestingly, 4HT decay in its mixtures with MEHQ and PTZ is very different to
AHT alone. In the presence of MEHQ, 4HT decay reaches an equilibrium state so
that a lower concentration of 4HT is maintained while oxygen continues to deplete in
this system (Figure 3.14, blue, p113). One possible explanation is via hydrogen
abstraction from hydroxylamine by MEHQ phenoxyl radical (Scheme 3.41). MEHQ
reacts with peroxyl radicals leading to accumulation of phenoxyl radicals (reaction
14). Large amount of phenoxyl radicals abstract hydrogen atoms from 4HT

hydroxylamine, leading to formation of 4HT back again (reaction 18).
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Scheme 3. 41. Proposed mechanism of synergistic inhibition effect of MEHQ and TEMPO

hydroxylamine.

On the contrary, 4HT decay is significantly accelerated by PTZ. Particularly at high
temperature, in the presence of equivalent amount of PTZ, 4HT decays so fast that
4HT EPR signal disappears within 20 minutes. However, 4HT/PTZ mixture is still
effective in inhibiting chain propagation. Decay of 4HT is due to oxidation of PTZ
by oxoammonium salt formed in the disproportionation of 4HT (Scheme 3.39, p112).
PTZ radical cation is formed in this reaction, which inhibits polymerization. In the
mean time, oxoammonium cation was reduced back to TEMPO derivatives which
can undergo disproportionation reaction to yield hydroxylamine and oxoammonium
cation. This reaction leads to accumulation of the corresponding hydroxylamine.
Since 4HT and PTZ are consumed in the reaction with each other, it would be
reasonable to assume that the reaction interferes with the inhibition effect. However,
it is not the case according to industrial practice. One major product in this system is
hydroxylamine which can also act as a hydrogen donor. The effect of hydroxylamine
in the inhibition mechanism is likely to be significant. Therefore, the role of
hydroxylamine in spontaneous polymerization of acrylic acid was studied and

discussed in next section.

3.3.2.2. The effect of hydroxylamine on the inhibition mechanism of 4HT in self-
polymerization of acrylic acid.

In order to establish the role of hydroxylamine on the inhibition mechanism, a

solution of 100ppm 4HT and 100ppm of the corresponding hydroxylamine in
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distilled acrylic acid was sealed in a capillary and heated inside EPR cavity at 100<€.
EPR spectra recorded over time were analyzed using the oximetry fitting method.

AHT decay and oxygen consumption are shown in Figure 3.15.
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Figure 3. 15. Red: 4HT () and oxygen (0) concentration of an acrylic acid solution of 200ppm
4HT + 100ppm 4HT hydroxylamine at 100<€€. Green: 4HT (e) and oxygen (¢) decay of an
acrylic acid solution of 100ppm 4HT at 100<€.

4HT decay is slowed down significantly in the presence of 4HT hydroxylamine.
Oxygen consumption is also slower. Reaction of hydroxylamine with alkyl radicals
and peroxyl radicals could explain this observation (Scheme 3.42). Hydrogen
abstraction from hydroxylamine by alkyl and peroxyl radicals regenerates nitroxide
radicals, which explains the slow 4HT decay. Similar to the inhibition mechanism of
MEHQ, interception of peroxyl radical by hydroxylamine via hydrogen abstraction
leads to stable hydroperoxides ROOH (reaction 20). The reaction decelerates oxygen
consumption. As compared with the effect of 4HT alone and 4HT/MEHQ mixture,
the result indicates that interception of peroxyl radicals by hydroxylamine is more

efficient than by nitroxide radicals but not as good as MEHQ.
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Scheme 3. 42. Reactions of hydroxylamine with alkyl and peroxyl radicals.

This mechanism also explains the slower oxygen consumption in 4HT/PTZ inhibited
acrylic acid (Section 3.3.2.1, Figure 3.14, pl113). Oxidation of PTZ by
oxoammonium cation leads to regeneration of nitroxide radicals, which then undergo
disproportionation reaction. The whole mechanism leads to accumulation of
hydroxylamine. We have identified the effect of hydroxylamine in slowing down
oxygen consumption and reforming 4HT. Hydroxylamine reacts with peroxyl
radicals and consequently decelerates oxygen consumption. Therefore, we have
proposed a synergistic inhibition mechanism for TEMPO/PTZ in acrylic acid
(Scheme 3.43).
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Scheme 3. 43. Inhibition mechanism of 4HT/PTZ mixture in acrylic acid self-polymerization.

3.3.3. Mechanistic study on 4HT in self-polymerization of acrylic acid

Synergism of nitroxide with other types of polymerization inhibitors showed

complex mechanism in acrylic acid. Developing detailed inhibition mechanisms
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requires better understanding of the chemistry of nitroxide in acidic monomers.
Hence, 4HT inhibited spontaneous polymerization of acrylic acid was studied. A
solution of 100ppm 4HT in distilled acrylic acid was sealed in a capillary. The
capillary was heated at 100€ inside EPR cavity to initiate spontaneous
polymerization. As shown in Figure 3.16, EPR signal intensity dropped significantly
during the test. Data analysis by the fitting method, revealed substantial 4HT decay
as well as O, consumption. On one hand, oxygen consumption is much slower than
in styrene (Figure 3.9, p104) due to a lack of efficient self-initiating mechanism. On
the other hand, unlike in the neutral monomers, 4HT concentration drops quickly in

the beginning of the reaction.
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Figure 3. 16. 4HT (o) and relative oxygen (¢) concentration decay of an acrylic acid solution of
100ppm 4HT.

Rapid decay of 4HT in spontaneous polymerization of acrylic acid is unclear.
Although protonated TEMPO derivatives can react with peroxyl radicals at diffusion
controlled rate, the amount of protonated 4HT in acrylic acid is far too small to result
in rapid 4HT disappearance. It is therefore likely that acid catalyzed nitroxide
disproportionation is responsible for the 4HT decay in this reaction. As shown in
Scheme 3.8 (p81), TEMPO derivatives can be protonated in acid. The reaction is
followed by disproportionation to yield the corresponding hydroxylamine and N-
oxoammonium salt. Hydroxylamine has a significant effect on the inhibition

mechanism as it can react with alkyl and peroxyl radicals.
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In order to understand the effect of solvent, the reactivity of 4HT was also monitored
in 50% (w/w) acrylic acid aqueous solution. The pK, of acrylic acid is 4.25. 50%
aqueous acrylic acid (w/w) has a pH of 0.35. Similarly to the previous studies, a
solution of 100ppm 4HT in 50% aqueous acrylic acid (w/w) was sealed in a capillary
which was heated at 100<€ in the EPR cavity. As shown in Figure 3.17, 4HT gave
similar intensity decay as in pure acrylic acid. The line width was sharper than in
pure acrylic acid because oxygen solubility is lower in aqueous solution than in pure
organic media. The result suggests that 4HT decay and oxygen consumption in

acrylic acid is a general effect.
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Figure 3. 17. 4HT (@) and oxygen (©) decay of a 50% aqueous acrylic acid solution of 100ppm
4HT at 100 <.

This result gives rise to the question whether disproportionation reaction affects the
inhibition mechanism. Therefore, kinetic studies on decay of TEMPO derivatives in
acrylic acid were carried out to achieve a better understanding of their inhibition

mechanism and associated chemistry. The work is described in Section 3.4 (p121).
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3.3.4. Conclusions on mechanistic investigation of inhibited spontaneous

polymerization of acrylic acid

Nitroxide radicals and nitroxide containing inhibitor mixtures were studied using
EPR oximetry to establish their inhibition mechanism in spontaneous polymerization
of acrylic acid. Self-initiation in acrylic acid is not efficient as compared to styrene.
The key reaction responsible for the synergistic chemistry of nitroxide/MEHQ
mixture is the reversible hydrogen abstraction between nitroxide and MEHQ.
Nitroxide radicals react with alkyl radicals rapidly while MEHQ quenches peroxyl
radicals efficiently. The equilibrium between nitroxide radicalMEHQ and
hydroxylamine/phenoxyl radical provides the utility to inhibit polymerization in the
presence and absence of dissolved oxygen.

The mechanism of nitroxide/PTZ inhibited spontaneous polymerization of acrylic
acid is more complicated. Fast decay of nitroxide radicals in the presence of PTZ
indicates the importance of hydroxylamine in the inhibition mechanism.
Disproportionation of nitroxide radicals and oxidation of PTZ by oxoammonium salt
leads to a major product in the system — hydroxylamine. Hydroxylamine quenches
both alkyl and peroxyl radicals, thus inhibits the propagation and decelerates oxygen

consumption.

Nitroxide radical intensity decay in acrylic acid is due to acid-catalyzed
disproportionation reaction. The simultaneously observed oxygen consumption was
used to assess inhibitor efficacy in the studies of the synergistic inhibition effect.
Cooperativity can explain the complicated kinetic profiles but the effect of
disproportionation on the inhibition mechanism is not clear. Detailed kinetic studies
of nitroxide radical decay in acidic media is necessary to understand the chemistry of

nitroxide in spontaneous polymerization of acrylic acid.
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3.4. Kinetic and mechanistic investigations of acid-catalyzed

TEMPO disproportionation

3.4.1. Introduction

When 4HT decay and oxygen consumption were studied in acidic monomers (e.g.
acrylic acid), it was noticed that 4HT intensity decayed fast from the beginning. It is
likely that the known reaction of acid catalyzed TEMPO disproportionation is
responsible for this effect. However, kinetic data of TEMPO disproportionation
reaction at high temperature was not established. In order to assist mechanistic
investigations, TEMPO decay was studied at high temperature.

TEMPO derivatives can be protonated in acid and further disproportionate to form
the corresponding hydroxylamine and oxoammonium salt. Oxoammonium salt is a
strong oxidizing agent. Oxoammonium salt oxidizes the 4-hydroxyl group of 4HT to
form 4-oxo-TEMPO (Scheme 3.44). This further complicates the reaction.

H

OH 0 OH OH
>©< LN >(ﬁ< LN
— . H — Y +
A No k N Ne

o Q : OH o

4HT

N TN S
o] 0 o] OH
4-oxo-TEMPO
Scheme 3. 44. Acid catalyzed 4HT disproportionation and oxidation of 4HT to 4-oxo-TEMPO

by N-oxoammonium cation

3.4.2. Kinetic study of acid-catalyzed TEMPO disproportionation
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3.4.2.1. The role of substituent in the 4-position

In the 4HT decay in acid, N-oxoammonium cation oxidizes 4HT to form 4-oxo-
TEMPO (40T), which leads to a mixture of 4HT and 40T in the system. If
disproportionation rates of 40T and 4HT are significantly different, the kinetic
studies will be further complicated due to this reaction. Therefore, it is important to
assess the rate of disproportionation of such TEMPO derivatives. Hence, acrylic acid
solutions of 100ppm TEMPO, 4HT, and 40T were sealed in capillaries, heated at
100 €€ and monitored by EPR spectroscopy. Thus, nitroxide radical intensity decay
was obtained by analyzing the spectra using the oximetry fitting method (Figure
3.18).
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Figure 3. 18. Decay of 100ppm TEMPO (blue), 4HT (green) and 40T (red) in acrylic acid at
100<€.

As shown in Figure 3.18, the decay of 40T is much faster than TEMPO and 4HT.
The origin of this effect is not clear, but it can be tentatively explained by the
differences of TEMPO, 4HT and 40T on the inversion of the piperidine ring. More
importantly, the different reaction rate of 4HT and 40T complicates the kinetic study.
Furthermore, the decay of these derivatives does not appear to follow 2" order
kinetic model. In order to simplify the model system, TEMPO was used to undertake

the kinetic and mechanistic investigation instead of 4HT.
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3.4.2.2. TEMPO disproportionation in acrylic acid

In TEMPO inhibited spontaneous polymerization of styrene, TEMPO decay was
observed when the rate of oxygen consumption slowed down. As shown in Figure
3.9 (p104), in the region that oxygen depletion appears to be zeroth order, TEMPO
concentration remained constant. In comparison, in nitroxide inhibited spontaneous
polymerization of acrylic acid, the psedo-0" order oxygen depletion was only
observed on the time scale of our investigation (Figure 3.14 - 3.17). It suggests that

the nitroxide decay was primarily due to disproportionation.

We simulated the kinetic profile as an equilibrium using a 2" order model. TEMPO
decay in acrylic acid at 100 € showed a good fit to 2" order kinetics in the first part
of the profile. Afterwards, a deviation from 2" order was observed (Figure 3.19).
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Figure 3. 19. Experimental data and 2" order kinetic fitting of 100ppm TEMPO in acrylic acid
at 100 <.

In order to build a kinetic model of TEMPO consumption, TEMPO decay in acrylic
acid starting with various concentrations/mass ratio (e.g. 1%, 0.1%, 100ppm, 40ppm,
20ppm, 10ppm) was studied. The kinetic profiles are shown in Figure 3.20.
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Figure 3. 20. Kinetic profiles and 2nd-order fitting of TEMPO decay in acrylic acid at 100<€.
TEMPO concentration: a, 1%. b, 0.1%. ¢, 100ppm. d, 40ppm. e, 20ppm. f, 10ppm.
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All kinetic data were then normalized in order to fit to a simple kinetic model.

However, this has not been successful because rate constant acquired from each

concentration varied significantly (Table 3.6).

Table 3. 6. Rate constants obtained from TEMPO decay in acrylic acid

at 100<€ starting from various initial concentrations.

Co(mass ratio) Co(mol/L) k(M™*s™)
1% 6.71<10° 3.74x10°
1000ppm 6.71<10° 2.07x107°
100ppm 6.71<10™ 1.18x10°
40ppm 2.68x10™ 2.3610™
20ppm 1.34x10" 1.82x10”
10ppm 6.71<10° 1.71<10°

The deviation of reaction Kkinetic profile from 2"-order and inconsistent rate

constants suggest complexity of this reaction.

3.4.2.3. Nitroxide radical disproportionation in acetic and propionic acid

In order to clarify if the complexity of the reaction is due to radical processes which

involves the vinyl group of acrylic acid, 4HT decay and oxygen consumption in

saturated organic acids were studied for comparison. Unexpectedly, oxygen

depletion was also observed since the linewidth of 4HT EPR spectra were sharpened

over time. The 4HT intensity decay and oxygen consumption are shown in Figure

3.21.
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Figure 3. 21. 4HT (o) and oxygen (¢) decay of an acetic acid solution of 100ppm 4HT at 100 <.
b, 4HT (e) and oxygen (©) decay of a propionic acid solution of 100ppm 4HT at 100 <.

Oxygen consumption in acrylic acid was assumed to be related to generation of alkyl
radicals in the autoxidation process under heating. In saturated organic acid, oxygen
depletion could be due to oxidation of 4HT or autoxidation of the solvent (Scheme
3.26, p93). Incomplete ionization of organic acids also complicates the system. For
further simplification, this reaction needs to be studied in mineral acid instead of
organic acids, because the reaction in mineral acid can be an excellent model system

for organic acidic monomers.

3.4.2.4. TEMPO disproportionation in sulphuric acid

In order to establish a model system for organic acidic monomers, TEMPO
disproportionation reaction was studied in a mineral acid. Among common mineral
acids, nitric acid can act as an oxidizing agent which would complicate the
investigation. Hence, nitric acid was ruled out. Hydrochloric acid is volatile. As a
result, concentration of hydrochloric acid solution would vary over time, especially
at high temperature. Therefore, hydrochloric acid was also ruled out. Sulphuric acid
was chosen for this study because of its non-oxidizing nature and its stability of

concentration under different conditions.
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In sulphuric acid, three different types of TEMPO EPR spectra can be obtained at
different concentrations of acid (Figure 3.22). In dilute acid solution (e.g. 0.1M
H,SO,4), TEMPO is the main component in the reaction mixture with only a small
amount of protonated TEMPO. TEMPO gives a triplet EPR spectrum due to the
hyperfine coupling interaction between the free electron and the nitrogen atom. In
more concentrated solution (e.g. 50%-80% H,SO,), the fast proton transfer between
TEMPO and protonated TEMPO is on the EPR times scale (ca. 10”)"®, which leads
to broadening of the EPR spectra beyond detection. In concentrated sulphuric acid
(e.g. 98% H,SO,), TEMPO can be fully protonated. The EPR spectrum of
protonated TEMPO is a triplet of doublets, because the free electron is coupling with

both the hydrogen and nitrogen atoms.
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Figure 3. 22. TEMPO EPR spectra detected in H,SO,. a, 100ppm TEMPO in 0.1M H,SO,. b,
100ppm TEMPO in 80% H,SO,. ¢, 100ppm TEMPO in 98% H,SO,.

EPR spectrum of protonated TEMPO has been previously reported by Hoffman et
al.””, who protonated TEMPO with Lewis acids (e.g. AICIs). Fully protonated
TEMPO is stable, as its EPR signal lasts for days without significant
disproportionation. Fast disproportionation is only observed for partially protonated
TEMPO. Therefore the disproportionation must be a reaction between TEMPO and
its protonated form, which yields the corresponding TEMPOH and oxoammonium
cation (Scheme 3.45).
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Scheme 3. 45. Protonation of TEMPO followed by reaction between TEMPO and its protonated
form to yield TEMPOH and N-oxoammonium cation.

Both UV and EPR were used to monitor TEMPO disproportionation in H,SO,.
TEMPO and oxoammonium chloride salt have distinctive UV absorbance at 425nm
and 465nm, respectively. The two molecules are thus distinguishable by UV. The
clear red-shift upon the reaction of TEMPO with sulphuric acid indicates

consumption of TEMPO and formation of oxoammonium salt (Figure 3.23).
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Figure 3. 23. a, UV spectra of 2x10°M TEMPO (in brown) and 2x10°M T=0" (in blue) in H,0.
b, 2x10°M TEMPO in 1M H,SO, at R.T. at different reaction times. Red shift of the
absorbance was observed.

EPR study was carried out to acquire accurate kinetic data of TEMPO decay. This
was achieved by measuring the intensity of TEMPO EPR signal. The reaction of
TEMPO decay in H,SO, (aq) at room temperature (e.g. 6.41x<10* M TEMPO in an
aqueous solution of 0.1 M H,S0,) showed good fit to a 2"-order kinetic model. The

Kinetic profile and fitting is shown in Figure 3.24.
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Figure 3. 24. 100ppm TEMPO decay in 0.1 M H,SO, at R.T. monitored by EPR. Inset: Plot of
1/[TEMPO] versus time.

TEMPO disproportionation was also monitored at various concentration of H,SO, at
room temperature and at high temperature (e.g. 80C) which is closer to the real
application conditions. However, the fitting at high temperature was not satisfactory.
It was also noticed that the initial intensity of TEMPO varies according to different
concentration of H,SO, (Figure 3.25). This effect is more evident at high

temperature.
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Figure 3. 25. Decay of 2000ppm TEMPO in different concentration of H,SO, at 80€ monitored
by EPR.

The observation of such effect indicates that the disproportionation reaction is very
fast in strong acid. The reaction is almost finished before it is monitored.
Unfortunately it is difficult to study such a fast reaction at high temperature using

normal techniques. The most common technique for studying fast reactions by EPR
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spectroscopy is stopped-flow. However, stopped-flow experiment at high
temperature is complicated. Therefore, a temperature dependent kinetic model was

built at lower temperature to predict TEMPO disproportionation at high temperature.

3.4.3. Temperature  dependent kinetic model of TEMPO

disproportionation

3.4.3.1. Kinetic model of TEMPO disproportionation reaction

Due to the difficulties of studying the disproportionation reaction at high temperature
directly, it was feasible to obtain temperature dependent rate constants from low
temperature experiments and extrapolate them to high temperature. TEMPO
disproportionation in inorganic acids at low temperature (e.g. below 50<€) has been
studied by Golubev et al. in the 1970s%° and revised recently''. Adequate kinetic data
were generated in their study, however, a kinetic model of this reaction was not built.
Thus, by using the reported kinetic constants, a full kinetic model was built to

predict TEMPO disproportionation reaction using the following procedure:-

The reaction was assumed to involve four steps.
1. Protonation of TEMPO: fast equilibrium
2. Relatively slow disproportionation
3. Comproportionation of TEMPOH and oxoammonium salt
4. Protonation of TEMPOH.

Hence the reaction is described by the following equations.
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T+H — TH" Ka,

(T+H* —l;kk TH*)

T+TH'— TOH + T=0" Kk,
TOH + T=0" —— T+ TH" K,
TOH + H' == TOH," Ka,

Here, Ka; and Kas are acid dissociation constants of TEMPO (T) and TEMPOH
(TOH), respectively. TH*, T=0", TOH," represents protonated TEMPO, N-

oxoammonium cation and protonated TEMPOH, respectively.

In order to build a kinetic model it was assumed that under the reaction conditions,
the amount of protonated TEMPO and unprotonated TEMPOH in the reaction

mixture is negligible. Thus the concentration equations of reagents can be written as:

d[T)/dt = -2k, [T]; [TH']; + k2[TOH][T=0"];
[THT=[T]{H")/Kay

d[T=0"/dt=k,[TI[TH"]; - ko[TOH][T=0"];
d[TOH,")/ dt=k,[T]{TH"]; - ko[TOH][T=0";

[TOH]= [T]iKas/[H"]

Temperature dependence of k., and ka/k_, was reported in Golubev’s study®:

Igko/Ka;=13.70-19500/4.575T
Igk ,=17.77-21900/4.575T

Here, the units for rate constants, dissociation constant temperature (T) are M™*s™, M

and K respectively.

Therefore the concentration equations are modified to the following equations:
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d[T)/dt = -2k, [T] [H*] + ko[TOH][T=0"];

[TH]=[T]{H"1/Kay

d[T=0"/dt=ko[T]{[H"] - ko[TOH][T=0"];

d[TOH,")/ dt= ky[T]#[H"] - k2[TOH][T=0"];

[TOH]= [T]iKas/[H"]

A user-friendly kinetic model of TEMPO disproportionation was thus built by

applying the equations in an Excel spreadsheet. Reaction parameters including initial

concentrations of TEMPO and acid, reaction temperature and reaction time scale can

be modified by the user. TEMPO decay and oxoammonium cation/TEMPOH

formation are plotted. One can adjust the reaction parameters to predict the reaction

rate at the desired conditions. The simulated kinetic curves at some typical

conditions

are shown in Figure 3.26.
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Figure 3. 26. Simulated TEMPO, oxoammonium salt and protonated hydroxylamine evolution

in acid under different reaction conditions: a, 6.4x10°M TEMPO in 0.1M H,SO, at 25<. b,
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6.4x10°M TEMPO in 1M H,SO, at 25<€.. ¢, 6.4x10°M TEMPO in 1M H,SO, at 80<€. d,
6.4x10°M TEMPO in 0.005M H,SO, at 80€

It is clear that the reaction in 0.1IM H,SO, at room temperature is a slow
disproportionation which takes as long as 400 minutes. In 1M H,SO, at room
temperature, this reaction is much faster with disproportionation almost complete in
less than 10 minutes. In 0.005M H,SO, the prediction clearly shows this reaction
reaches equilibrium and TEMPO concentration remains constant. In 1M H,SO, at

80<C the disproportionation is very fast, as equilibrium is reached within 1 minute.

3.4.3.2. Fitting experimental data to the kinetic model

At low temperature

At room temperature, our experimental data fits the kinetic model precisely (Figure
3.27). Little adjustment needs to be made and the fitting quality is satisfactory.
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Figure 3. 27. Fitting experimental kinetic data of 1000ppm TEMPO in 0.1M H,SO, at 15 to

kinetic model.

At high temperature

At high temperature, TEMPO decay seems to be much more complicated.
Significant deviation was observed while fitting experimental kinetic data to the
model (Figure 3.28).
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Figure 3. 28. Fitting experimental kinetic data of 1.28x10% M TEMPO in 0.1M H,SO, at 80€ to
the kinetic model.

This suggests that the reaction at high temperature is more complicated. Some side
reactions that were negligible at low temperature become significant at high

temperature.

3.4.4. Comproportionation of TEMPOH and N-oxoammonium salt

The disproportionation reaction of TEMPO gives rise to the corresponding
oxoammonium cation and TEMPOH, which are the two key molecules in the
catalytical activities of TEMPO. Oxoammonium salt is a strong oxidizing agent.
TEMPOH can be oxidized by oxoammonium salt in neutral pH and
comproportionate to form nitroxide. However, TEMPOH can be protonated in acid
which stabilizes it. This makes the comproportionation reaction pH-dependent. To
determine if disproportionation is fully reversible, a stopped-flow experiment was
carried out. Immediately following mixing of 2x10° M TEMPOH and 2x10° M
oxoammonium salt at different pH with the stopped-flow equipment, a time scan was
applied on the magnetic field corresponding to the first EPR peak of TEMPO signal.
Kinetic profiles of the comproportionation reaction at different pH were thus
obtained (Figure 3.29).
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Figure 3. 29. TEMPO formation vs. time in comproportionation reaction of 2x10° M TEMPOH

and 2x10"° M oxoammonium salt at different pH.

It is clear that comproportionation is slow at low pH but very fast at neutral pH. This
result is consistent with previously reported data by Goldstein and co-workers®:. It is
also noticed that the position of equilibrium changed according to different acidity.
The disproportionation of TEMPO takes place in acid because hydroxylamine is
protected by protonation. However the reverse reaction in the absence of acid is

thermodynamically preferable. Therefore, disproportionation reaction is reversible.

Neutralization of such reaction mixture can result in recovery of decayed TEMPO
intensity back instantly. As shown in the Figure 3.30, TEMPO decay at room
temperature is fully reversible upon neutralization with NaHCO; to the original
intensity regardless of the reaction time. This result indicates that at room

temperature no side reaction takes place.
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Figure 3. 30. a, EPR signal decay of 6.4x10° M TEMPO in 1M H,SO, at R.T. (in blue). b, EPR
signal intensity of 6.4x10° M TEMPO in 1M H,SO, at R.T. after neutralization with excess
NaHCO;, at different reaction times (in green). ¢, 6.4<10° M TEMPO in saturated NaHCO4

solution (in red).

3.4.5. Conclusions of acid-catalyzed TEMPO disproportionation

Acid catalyzed disproportionation of TEMPO and derivatives was studied using EPR
and UV spectroscopy. The reaction in mineral acid at room temperature is well-
understood (Scheme 3.46). TEMPO can be protonated in acid. Protonated TEMPO
alone is stable, however, it can react with neutral TEMPO and disproportionate to
form the corresponding hydroxylamine and oxoammonium salt. Hydroxylamine is
also protonated which prevents re-oxidation by oxoammonium salt.
Comproportionation reaction of hydroxylamine and oxoammonium salt is pH-
dependent. It is fast at neutral pH but slow at low pH. Neutralization of reaction
mixture thus results in the recovery of TEMPO EPR signal. At room temperature,
there are no further reactions except the protonation and disproportionation. A
kinetic model was built according to literature temperature-dependent rate constants.

Fitting room temperature kinetic data to this model is satisfactory.
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Scheme 3. 46. TEMPO disproportionation in acid.

3.5. Conclusions

In this chapter, a novel method to investigate the mechanism of nitroxide-based
antioxidant is demonstrated. EPR oximetry via convolution-based fitting method
provides one with unique advantages for studying such systems. It permits
simultaneous determination of both nitroxide and oxygen consumption. Application
of this method to neutral target monomers such as styrene, methyl methacrylate and
acrylonitrile lead to better understanding of the system. Formation of peroxyl
radicals from oxygen and the propagation radicals is the primary inhibition
mechanism in the beginning of self-initiated polymerization. When oxygen depletes,
nitroxides quench alkyl radicals. Different self-initiation rate also suggest Mayo
mechanism is the major route in the self-initiation process in styrene. In monomers
such as methyl methacrylate and acrylonitrile, Diels-Alder reaction is not possible.
Therefore a lack of efficient self-initiation mechanism makes oxygen consumption

significantly slower than in styrene.

In acidic monomer, acrylic acid, this fitting method was also adopted to the
investigation on the polymerization inhibition mechanism of nitroxides and the
synergistic effect with other inhibitors. The synergism of nitroxide with phenol-type
inhibitors (e.g. MEHQ) depends on the reversible hydrogen abstraction between
nitroxide and the phenol. Hydroxylamine was found to play an important role in the
synergistic inhibition mechanism of nitroxide and PTZ mixture. In the presence of

acid, hydroxylamine is a significant component in the mixture of nitroxide and PTZ.
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Quenching of alkyl and peroxyl radicals by hydroxylamine is thus a major inhibition

mechanism.

The fast decay of nitroxide inhibitors in acidic monomers (e.g. acrylic acid) is due to
the acid catalyzed disproportionation reaction. This reaction was studied thoroughly
using a model system of TEMPO in sulphuric acid. The result shows TEMPO can be
protonated in acid, leading to formation of the corresponding TEMPO precursor
hydroxylamine and N-oxoammonium cation. In acidic conditions, hydroxylamine is
also protonated which minimizes comproportionation. Comproportionation of
hydroxylamine and oxoammonium salt is fast at neutral pH but slow at low pH. A
kinetic model was built using literature data to predict disproportionation reaction.
Our experimental data were fitted to the kinetic model. At room temperature, the
fitting is perfect. However, at high temperature, a deviation is often found. In fact,
the kinetic profile of nitroxide in acid at high temperature is not compatible with a
simple kinetic model. Hence, next chapter details the study of TEMPO decay at high

temperature.
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