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Abstract

Automotive engines contain aggressive environments where lubricants are degraded by
exposure to corrosive combustion by-products such as nitrogen oxides (NO;, and NO),
and understanding their interaction is key to the development of long-lived lubricants.
Therefore the effect of 1000 ppm of nitrogen oxides on lubricants containing phenolic
and aminic antioxidants, individually or in combination, in branched alkane base fluid
has been investigated in laboratory reactors at 180 °C, representative of piston

conditions.

The reaction of the phenolic antioxidant, octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-
phenyl) propanoate with 1000 ppm NO; in N; resulted in the formation of a quinone
methide product (octadecyl 3- (3,5- di- tert- butyl-4- oxo- cyclohexa- 2,5- dien- 1-

ylidene) propanoate), in apparent contradiction to previous studies, which observed at
room temperature the formation of nitro-phenols. Therefore a novel reaction
mechanism is proposed to account for this change in mechanism with the temperature,
with the addition of NO, to phenoxyl radicals being dominant at low temperatures, but
reversible at a higher temperature,at which the dominant reaction becomes an
abstraction of a hydrogen atom from the a carbon on the alkyl group at the para-
position of the phenoxyl radical. The thermochemistry of key intermediates for this
mechanism was also investigated using ab-initio calculation, allowing the prediction of
the ceiling temperature for the addition of NO, (1000 ppm) to phenoxyl radicals, and

hence of the formation of nitrated phenolics, to be approximately 51 + 57 °C.

The reaction of the aminic antioxidant, 4.4’-dioctyl diphenylamine, with 1000 ppm NO,
was also investigated, with chemical analysis of the reaction products showing the
formation of two monomers and five dimers of the starting antioxidant, and possible

reaction mechanisms are based on these results.

The reaction of NO, with phenolic and aminic antioxidants when used in conjunction
resulted in the identification of two new intermediates formed partially from fragments
of aminic and phenolic antioxidants; novel chemical mechanisms for their formation are

also suggested.
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Chapter 1: Introduction

1.1 Introduction to the Project

In today’s world the development of new automotive engine technologies is driven
by emission legislation and demands for better fuel economy.' The key challenges are
to reduce emissions of internal combustion engines, which affect climate change and
have a negative effect on human health, and also to improve energy efficiency.'™ This
has resulted in the introduction of new engine designs, such as smaller engines,

increasing engine power or adding new after-treatment systems to reduce emissions.>”

Unfortunately, some of these changes put further challenges on engine lubrication. For
instance, increasing the power density of an engine gives a higher combustion
temperature, which results in an increase of the formation of nitrogen oxides (NOy),*®
these have an adverse effect on lubricants by increasing sludge formation.””

Consequently the thickening of lubricant causes engine wear and reduces efficiency,

and so increases emission of the greenhouse gases, such as CO; to the atmosphere.

Nitrogen oxides (NOy), mainly NO and NO,, are formed during combustion and can

4,7-10

enter into the lubricant. Nitric oxide (NO) forms during fuel combustion and its

. . . . .. . . . . 4611
formation is significantly rising with increasing combustion temperatures.™”

Subsequently, nitric oxide is converted to nitrogen dioxide (NO,) at lower

temperatures'° as the exhaust gases cool.

The first high temperature region, where engine lubricant has a contact with NOy is the
piston assembly and NO, is favoured over NO,'”™ is described in detail,

in section 1.3.



2 Chapter 1: Introduction

15-18 ..
and antioxidants

Engine lubricants comprise of a complex mixture of components
play an important role in improving engine lubricants resistance to oxidation;

unfortunately, the effect of nitrogen oxides on lubricant antioxidants at high

temperature piston ring pack conditions have not been studied in detail.

This project aims to improve the understanding of lubricant reactions with nitrogen
oxides by identifying the products arising from the interactions of components of
lubricants, such as phenolic and aminic antioxidants, with NOy and to propose the
chemical mechanisms by which they react. This understanding will be useful in
developing future lubricants, which could therefore be more resistant to nitration and
that consequently will extend the lubricant lifetime under the extreme conditions in

which the lubricants operate.

1.2 Lubricant composition

Lubrication plays a crucial role in the automotive industry and engine piston assembly
is one of the most extreme environments which need to be lubricated. The major
functions required from the engine oil are to: lubricate moving surfaces; minimise
engine friction and wear hence providing maximum efficiency; removing harmful
impurities out of the working parts to prevent deposits formation; cooling engine parts

which are exposed to the high temperatures and minimising gas and oil leakages."

The typical engine lubricant consists of a so-called base fluid (75 to 95 wt. %) and
additives (25 to 5 wt. %), which are balanced to provide maximum lifetime and

. 17
efficiency.
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The major part of all engine lubricants is the base fluid, which is typically composed of
different base stock to obtain the required physical and chemical properties. The
chemical composition of the base stocks depends on the crude oil type and the process
by which they were obtained. The American Petroleum Institute (API) classification
divides different base stocks into groups, depending on their properties such as: the
viscosity index, saturates level and sulphur content, Table 1.1." These properties have a
great effect on engine lubricant performance: the viscosity index describes how
lubricant viscosity changes with temperature, the saturates level indicates how
resistance to oxidation and the sulphur content shows its inherent antioxidant’s

. 20
behaviour.

Table 1.1: API Base Oils Classification.

API Group Viscosity Saturates Sulphur Other
Index
I 80-120 <90% and/or >0.03% -
I 80-120 >90% and <0.03% -
11 >120 >90% and <0.03% -
v PAO (Poly Alpha Olefins)
\Y Everything (Else)

Groups I, IT and III are called mineral base oils (non-synthetics). They consist of a

variety of hydrocarbons, such as: paraffinics (linear and branched chain alkanes),

Figure 1.1: Schematic example of linear (top) and branched (bottom) paraffins.
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napthenes (cycloalkanes, five- and six-membered rings) and aromatics (six-membered

Figure 1.2: Example of napthene (left) and aromatic (right) molecules.

: 21
benzene rings).

Each of the API lubricant group have a characteristic hydrocarbon composition, which
influences their oxidation properties: group I is high in naphthene, group II is high in
paraffins and group III is highly refined with 95% of paraffins.”* Groups IV and V are

synthetic base oils such as PAO (Poly Alpha Olefins).

21-24

Lubricant additives are added to the base oil to improve its properties. These are
typically:

- Detergents

- Dispersants

- Antioxidants

- Antiwear Agents

- Viscosity Modifiers

- Pour Point Depressants
- Friction Modifiers

- Antifoams

- Rust and Corrosion Inhibitors.

These play a variety of different functions® : dispersants prevent deposits and sludge

formation by suspending the insoluble particles in the oil. Viscosity modifiers are
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typically large polymeric molecules, which expand as the temperature increases and
control the temperature dependence of the oil viscosity. Foam inhibitors prevent foam
formation by changing the surface tension. Rust and corrosion inhibitors absorb on the
surface to form barrier film against water and aggressive species. Antioxidants are
added to lubricants to improve their resistance to oxidation and their effect on NOy is

discussed in more detail in Chapters 4, 5, 6 and 7.

1.3 Lubrication in Piston Assembly

The piston ring pack is one of the main regions where engine lubricants have to work.
It is also the most aggressive environment, where lubricants come into contact with

harsh combustion products called blow-by gases (including NOy see Figure 1.3).

Blow-by Gases (NO,)

v'{ |
4—\— Piston
, _ " 7 Piston Ring
Thin Lubricant __| \
Film \

«—{/7 Piston Land
.

"_\j Cylinder Wall

25,26
k

Figure 1.3: Schematic diagram of the piston ring pac with the thin layer of lubricant

exposed to blow-by gases.
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In the piston environment, a small volume of oil is exposed to high temperatures, which
has been reported to have a significant effect on engine lubricant degradation.”™’

Previously measured temperatures characteristic for piston ring pack conditions

in gasoline engines were 130-180 °C, *** and for diesel 220-230 °C.*%"!

Blow-by gases are a mixture of unburned fuel and oxygen and gaseous combustion
products (such as NO,, CO, CO,, H,0, HC, and radicals),"” which leak past the piston
rings into the crankcase. They mix with engine oil during the continuous flow between

the piston and sump re ions,25 causing lubricant degradation.
p p reg g g

Previous studies of interaction of blow-by gases with lubricants suggested formation of
highly nitrated products, which were also thought to be precursors for lubricant

sludge.*?

1.4 Formation of NO, in Automotive Engines

Nitrogen oxides (NOy) are formed during combustion in automotive engines and consist
mainly of nitric oxide (NO) and nitrogen dioxide (NO,), with a negligible amount of

nitrous oxide (N,O) formed.""

The mechanisms which lead to the formation of NOy in the combustion system are
shown below. Primarily, the “thermal” mechanism, also called the Zeldovich
mechanism, which includes reactions of atmospheric nitrogen with oxygen, forms from
the dissociation of O, and N, molecules at the high temperature in the flame

front,**''"3 reactions [1.1]-[1.3] 3
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Table 1.2: Formation of nitrogen monoxide by the Zeldovich mechanism, %341

Reaction No.
0,=20 [1.1]
O+N,=NO+N [1.2]
N+0O,zNO+0O [1.3]

This mechanism is exceedingly dependent on temperature. During combustion, when
the temperature rises above 1700 °C, the concentration of NO is comparatively high
and because of this depends strongly on the temperature; for instance it almost doubles

every 100 °C.** However below 1500 °C nitric oxide formation is minor.’

The second mechanism of NO formation is the “prompt” type, also called Fenimore,*®’

which includes the reaction of hydrocarbon radicals with molecular nitrogen and

proceeds rapidly in the combustion flame zone,* reactions [1.4].

Table 1.3: Formation of nitrogen monoxide by the Fenimore mechanism.*****

Reaction No.
CH+ N, 2zHCN +N [1.4]
HCN+ O =2 NO + CH [1.5]

There can also be the direct reaction of nitrogen containing fuels with molecular oxygen
(reactions 1.5).”® However, the contribution of fuel in NOy formation is negligible,

. . . 411,33
when no or a small amount nitrogen compounds is present in the fuel,

The concentration of NO generated through the Zeldovich mechanism can accounted
for 88 % of total NOy formed during combustion, compared to 7 % formed by the

Fenimore mechanism or 1.5 % from N,O respectively.”

NO formed in the flame zones can be rapidly converted to NO, by reaction [1.6] or

at lower temperatures is converted to NO, by reactions [1.7] or [1.8]:
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Table 1.4: Formation of nitrogen dioxide, reactions [1.6], [1.7] and [1.8].‘“”41

Reaction No.
NO + HO, = NO, + OH [1.6]
NO+0O,2NO,+0 [1.7]

2NO + 0, = 2NO, [1.8]

The NO = NO, chemical equilibrium indicates that at combustion temperature
the NO,/NO ratios should be negligible. The dependences of In NO,/NO at various

temperatures are shown in Figure 1.4.%

15 A

10 1

In NO,/NO

1T, (x 103) [K]
Figure 1.4: The dependences of In NO,/NO at various temperatures.*

However the data obtained from the sampling gas collected from the piston region of
diesel engine shows NO,/NO ratios of up to 25 to 50 %.'° Examples of NOy (NO, NO,)

concentrations taken during sampling from the cylinder are shown in Table 1.5.
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Table 1.5: Examples of NO, (NO, NO;) concentrations in engine cylinder.

35,43-47

Concentration of NO, (NO, NO,) [ppm] Engine type Ref.
[NO,] 0 - 1550

[NOJ0-1100 gasoline 43
[NO,] 0 - 700

[NO,] 1000 - 2000 diesel 44
[NO,] 0 -2000 gasoline 45
[NO,] 200 - 800 diesel 46
[NO] 400 - 2000 gasoline 47
[NOJ 500 - 1250 gasoline 35
[NOJ 0 - 2500 diesel 15

These results show a maximum NOy level of 2500 ppm that was measured during
sampling in engine cylinders and was dependent on engine type, conditions and type
of the fuel. Previous bench tests have been using approximately 1000 ppm of NO,

concentration in lubricant degradation studies,

that found in real engines.

1.5 Chemistry and Reactions with NO, (NO, NO,)

Oxides of nitrogen play an important role in many scientific areas, such as:

. 50-52
atmospheric,

Their chemistry is complex and therefore depending on the environment different

oxides play a significant role, Table 1.6.

48,49

. . 15355 . 35,4347 . .
medicinal, combustional,””">"" and organic synthesis.

which is a representative value of

56-58
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Table 1.6: Oxides of nitrogen: formulas, colours and reactivity.*

Formula | Name Colour Remarks
N,O Nitrous oxide colourless Rather unreactive
NO Nitric oxide colourless Moderately reactive
NO, Nitrogen dioxide brown Rather reactive

Extensively dissociated to NO,

N,O, Dinitrogen tetroxide | colourless as gas and partially as a liquid

This work mainly concentrates on NO and NO, as these are important oxides when
studying engine piston conditions. N,O is excluded from the research as it is rather
unreactive and its concentration at piston assembly is negligible, Table 1.3.” The other
important oxide of nitrogen is N,O4, however it is significant only at sump

52,60

temperatures, where it can be formed from the dimerisation of NO,. Therefore

the chemistry and characteristic reactions for NO and NO, are listed below.
Nitrogen Monoxide (NO)

Nitrogen Monoxide, commonly known as nitric oxide, is a paramagnetic gas under

61,62

standard conditions. Its paramagnetism is decreasing going from the gas phase,

through the liquid and to the crystalline,* Figure 1.5.

N—N
ZNO = o)) o 72NN
(NO) Q-0
(E)/(Z) - isomers
gas liguid solid

Figure 1.5.State dependency of nitrogen monoxide.”*

NO solubility in oxygen-free water is minor (1.9 x 10~ mol dm™ bar™ at 25 °C) and it is

independent from pH, because of its low dipole moment of 0.53 x 10" C m.® Nitrogen
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. . . . 67 . .
monoxide is more soluble in organic solvents,”’ examples of which are summarised

in Table 1.7.

Table 1.7: Solubility of NO in organic solvents.®’

Solvent Solubility [mol dm™ bar™|
Ethanol 1.1x107?
C¢Hg 1.3x 107
CCly 1.4x107
CH;CN 14x 107
Ethyl Acetate 1.6x 107
Cyclohexane 1.9x 107
Diethyl Ether 23x107

NO condenses to liquid at -151.8 °C and it almost completely composed of (NO), *°®

The NO in the gas phase gives the characteristic infrared absorption at approximately

1890 cm™ due to the vibrational stretch mode of (N=0) band.*""

The NO mesomeric formulas of bonding are illustrated in Figure 16.6¢%"!

+

N=0l == |N=O
Figure 1.6: Mesomeric formulas for valence bond description of bonding in NQ.*7*%>!

The NO may combine with a second radical to form a diamagnetic product and this
property is characteristic for persistent radicals. The example of reaction of a carbon-
centred radical and nitric oxide radical is shown below; reaction [1.8] is favoured, [1.9]

is disfavored.
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[1.8] [1.9]
— —  CR; _ _ ——+ CRz —=_*
R:C—N=0l =——— N0l == IN=O- ——» IN=0— CR;

Figure 1.7: Example of the reaction of a carbon radical with nitric oxide.””

The elementary reactions by which NO is known to react with organic compounds are

summarised below, [1.10] to [1.16].%

P |
S + ‘NO

[1.10]

Y
Z
o

1l x+N0o— (|3 + X—NO [111]

Y + ‘NO > Y NO- [1.12]

——N—— O~ [1.13]

= —

+ 'NO —= N—O- [1.14]

N NN
A"+ NO ———> A NO* [1.15]

B + ‘NO ———> B NO- [116]

Figure 1.8: Examples of different elementary reactions with nitrogen monoxide (NO),
including: combination [1.10]; homolytic substitution [1.11]; addition [1.12], [1.13];
pericyclic reactions [1.14] and electron transfer [1.15], [1.16]. Where: X = H; Y
=(R,N)CH; A’ -oxidant; and B' = reductant.’”*
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The mechanisms for the reaction of NO with alkoxyl radicals is shown below, reactions

[1.17]-[1.20].7>7

[1.17]
R O + ‘NO

R ONO R. ONO

R' Rl R!

[1.20] R [1.19]
—O + HNO
R'
Figure 1.9: Example of the reaction mechanism of nitrogen monoxide with alkoxyl

radicals.

The other reaction of peroxyl radical with nitric oxide radical to form peroxyl nitrites is

shown in reaction [1.21]-[1.23].7>"

[1.21]
[1.22]
- 'NO2
[1.23]
Ph;C-O- Alkoxyl
radical
product

Figure 1.10: Example of the reaction of nitrogen monoxide with peroxyl radicals.

The reaction of substituted phenol with nitric oxide radical is shown in [1 2417778
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OH 0

tBu tBu [1.24] tBu tBu tBu NO

) 2°NO, SDS Bu

Figure 1.11: Example of the reaction of substituted phenol with nitrogen monoxide, (SDS

— Sodium Dodecyl Sulphate).”’

As a result of reaction [1.24] ( p- and 0-) nitroso-substituted cyclohexadienones were

identified.
Nitrogen Dioxide (NO,)

NO; have found a wide range of applications in many industries as a powerful reagent
in oxidation and nitration.”® Similarly to nitrogen monoxide, NO, reacts in many

different ways, such as: recombination with other radicals, ™" hydrogen abstraction,**

87-89 90-92

86 addition, and electron-transfer.

NO, is a very reactive paramagnetic molecule with unpaired electron, which can be

delocalised throughout the molecule, as shown in Figure 1.12.%

_ —+ o+ _
- ’N-.. — N\ .—_ ,N .
@ “*Q" P m—— |_/ \-Q\ B @fﬁN"‘"Ql - i—(;)n "‘Q\

Figure 1.12: Mezomeric formulas of nitrogen dioxide.”

High temperature nitration studies show that the distribution of the unpaired electron
of nitrogen dioxide radical can go through the nitrogen or oxygen atom; an example of

reactions [1.25, 1.26] with an alkyl radical is shown below.”
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[1.25] [1.26]
CH3CH2" + "NO2 —— > CH3CH2NO:2 or CH3CH20ONO

Figure 1.13: Example of the reaction of alkyl radical with nitrogen dioxide.”

Substituted phenols react with NO, by hydrogen abstraction with the formation of

phenoxyl radical, which is stabilised by resonance, as shown in Figure 1.14.

OH [1.27] o’ O
tBu tBu tBu tBu tBu tBu
‘NO2
— |
T )
R R R

Figure 1.14: Hydrogen abstraction from phenolics by nitrogen dioxide.”*

The addition of nitrogen dioxide through the oxygen or nitrogen atom was reported also

in the reaction with phenoxyl radical, (Figure 1.15).”*

[1.28] [1.29]

o) O 0
tBu tBu tBu tBu tBu tBu
*‘ONO | | ‘NOz
-
T .
H ONO H NO2

H

Figure 1.15: Reaction of phenoxyl radical with nitrogen dioxide.”*

There have also been products other than nitrated observed, in the reaction of phenoxyl
radical with NO,, such as dimers or nitroso compounds, of which the formation was

dependent on solvent type.”



16

Chapter 1: Introduction

The reaction of p-benzoquinone with nitrogen dioxide results in addition of NO,

to double bonds of quinone, which then is thermally converted to acyl(alkyl) nitroxyl

and iminoxyl radicals, (Figure 1.16).”*

9] [1.30] O
tBu tBu tBu tBu
PN
‘NO2 w
(0] (@)
L [1.31]
[1.32]
O
tBu tBu ‘NO» tBu tBu
-
=
(0) =
X, NO* 0 )
OzN/ (0] ﬁ NO
O

Figure 1.16: Reaction of quinone with nitrogen dioxide.”

The reaction of indole with NO, effects in 2-(indol-3-yl)-3H-indol-3-on and 2-(indol-3-

yl)-3H-indol-3-oxime; however, products concentration might change depending on

the conditions, reactions [1.33] or [1.34].”

[1.33] or [1.34]
//
+ NO2
+
N 10 min. \

[1.35] - NO2/N2O4 80%
[1.36] - NaNO»/MeCOOH 20%

Figure 1.17: Reaction of indole with nitrogen dioxide.”

TZ

20%
80%
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The reaction of diazotisation of arylamines under non-aqueous conditions (in

acetonitrile) at -20 °C, gives the final product triazene, Figure 1.18.%°

[1.35] [1.36]
2NO»
Ar -NHo ——> [Ar-NH:NOJ"NOs- T’ Ar -N>" NOs-
- [1.37]
‘HNO3 AI' —NH2
H

|
Ar-N=N-N-Ar

Figure 1.18: Reaction of arylamies with nitrogen dioxide.”

There is also the possibility of the conversion of nitroso compounds into nitro

compounds when using NO,, Figure 1.19.”"%

+
O [1.38] 1.39
0 - 010 [1.39]
Ar—N~ + N —> Ar—N / ——> Ar—NO:
/\
0O 0O—N

Figure 1.19: Conversion of nitroso compounds using nitrogen dioxide.”””®

1.6 Hydrocarbon Autoxidation in the Liquid Phase

During engine operations the lubricant is exposed to high temperatures, oxygen and
aggressive combustion by-products, which lead to lubricant degradation. The main
component of lubricant is the base oil, which is a mixture of different size linear, branch
and cyclic saturated hydrocarbons, therefore the standard oxidation studies were based
on the degradation of hydrocarbons. Previously reported standard oxidation mechanism

of n-alkanes is shown in reactions [1.40]-[1.48].>!
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Table 1.8: Standard mechanism of oxidation of hydrocarbon.

Reaction No.
Initiation RH+ O, — R +HOO [1.40]
. R +0, — ROO [1.41]
Propagation . . 1.42]
ROO +RH — ROOH +R :
ROOH — RO + OH [1.43]
Branching RO +RH — ROH + R [1.44]
: : 1.4
HO +RH — H;0 + R [1.43]
R +R - RR’ [1.46]
Termination R’CH,00 +ROO — R’CHO + ROH + O, [1.47]
: : 1.48
ROO +R’0O — Products [1.48]

This free-radical mechanism consists of four stages: initiation, propagation, chain
branching and termination. In the initiation phase the alkyl and hydroperoxy radicals
are formed, reaction [1.40]. The oxygen will attack preferentially the weakest C—H
bond, therefore for the n-alkanes hydrogen will be abstracted from the secondary
carbons.”' In general for hydrocarbons the order in hydrogen abstraction will increase

as below:
RCH,—H < R,CH-H < R;C—-H < RCH=CH(R)HC—H < C4Hs(R)HC—H

The next step is propagation these reactions are the main source of the alkyl chain
carriers and alkylperoxy radicals, reaction [1.41] and [1.42]. The chain branching
includes the formation of primary, secondary and tertiary alkoxy radicals, reactions
[1.43] to [1.45]. Finally the termination stops the chain reaction and non-radical

products are formed by combination of radical species, reactions [1.46] to [1.48].

Previously reported primarily lubricant degradation products were aldehydes, ketones,

alcohols and acids, which can undergo polymerisation to form high molecular mass
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products visible in engines in the form of sludge or varnishes, which decrease engine

performance and could cause breakdown ultimately.”

The majority of previous oxidation studies were based on the degradation of smaller n-
alkanes, which are not representative for real base oils,'”"'% because they are too
volatile to study at the high temperatures of engine piston assembly and were lacking in
tertiary carbon atoms, which have a significant concentration in real base oils.
Therefore Chapter 3 therefore shows the detailed autoxidation studies of branched chain
hydrocarbons based on squalane autoxidation, which is more representative as a model

lubricant base oil.'*”

1.7 Hydrocarbon Nitration in the Liquid Phase

As the main reseach of this thesis is the degradation of lubricant due to NOy, engine
lubricant reactions with NO, have also been reviewed. The NO, effect on model
lubricant degradation has been studied previously by Johnson et al.*® The experiments
were undertaken in bench-top reactor at the temperature of 160 °C and n-hexadecane
was used as a model lubricant. Previous understanding of the free radical chain

mechnism of nitration of n-alkane was proposed as follows [1.49]-[1.56] to be:
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Table 1.9: The mechanism of NO, reaction with n-hexadecane proposed by Johnson.*

Reaction No.

RH+NO,  — R-+HONO | [
HONO = NO + HO- [1:50]
R-+NO,  — RONO [1.51]
RANO, RNO, [1.52]
RO, +NO  — RO" + NO, [1-53]
RO, +NO  — RONO, [1.54]
RO +NO, — RONO, [1.55]
RO, +NO,  — ROONO, [1.56]

NO; acts as a free radical, added into the reaction abstracts hydrogen atoms from

hydrocarbons with formation of alkyl radical and nitrous acid [1.49]. The nitrous acid

decomposes to hydroxyl radical and nitric oxide [1.50]. Nitrogen dioxide and nitric

oxide react with alkyl, alkylperoxyl and alkoxy radicals to form nitro [1.52], nitroso

compounds, nitrites [1.51], nitrates [1.54], [1.55] and peroxynitrates [1.56]. Reaction

[1.53] between alkylperoxyl radical and nitric oxide regenerate nitrogen dioxide.

Unfortunately, the proposed lubricant degradation mechanism was based on previous

knowledge on nitration of hydrocarbons,82 and there was no evidence on identification

of the products to support this mechanism.
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1.8 Hydrocarbon Nitro-Oxidation in the Liquid Phase

NOy are chemically active gases, which can initiate hydrocarbon liquid-phase oxidation
by reacting with hydrocarbons and its intermediates and generating free radicals.
The well known reaction mechanism by which NO, initiates hydrocarbons oxidations

was referred as follows [1.57]-[1.68]:

Table 1.10: Reactions involved in the liquid-phase oxidation of hydrocarbons initiated

by NO,, reactions [1.57]-[1.68]."%*%

Reaction No.
RH+NO, —  R'+HONO [1.57]
HONO —  NO+HO [1.58]
HO*+RH — H20 + R [1.59]
R°+0, — ROy [1.60]
R +NO, — RONO [1.61]
RO; + NO, — ROONO; [1.62]
RONO —  RO'+NO [1.63]
RO’ +NO —  RO" +NO, [1.64]
ROONO, —  RO'+NO; [1.65]
RO"+RH —  ROH+R- [1.66]
NO;+RH —  HNO;+R° [1.67]
ROOH+ONOH — RO +H,0 +NO, [1.68]

Table 1.11: Reactions of NO, with double bonds.'"’

The reaction to double bonds was more rapid and reversible,'"’ reactions [1.69],[1.70]:

Reaction No.
NO, + CH2=CHR - NO,CH,C-HR [1.69]
0O, + NO,CH,C-HR - N02CH2CH(02')R [1.70]
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1.9 Inhibition of Lubricant Degradation

The main additives which control lubricant degradation in engines are antioxidants.
The most common group of antioxidants are radical scavengers, such as hindered

phenols and aromatic amines, with examples shown in Table 1.12.

Table 1.12: Example of common phenolic and aminic antioxidant.

Name Structure

2,6-di-tert-butyl-4-methylphenol OH
(also known as: 3,5-di-tert-4-
butylhydroxytoluene or butylated hydroxy
toluene, BHT)

CH,

4-tert-butyl-N-(4-tert-butylphenyl)aniline

Z—T

(Butylated diphenylamine)

CaHo CsHo

These antioxidants inhibit oxidation by donating the hydrogen atom to peroxy radicals

and consequently stopping the chain propagation step, reaction [1.71].

Table 1.13: Inhibition of hydrocarbon oxidation using radical scavengers.*'**

Reaction No.
Initiation RH + O, — R* + HOO" [1.40]
Propagation R + 0, — ROO" [1.41]
Inhibition InH + ROO — In" + ROOH [1.71]
In® + ROO — InOOR [1.72]
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Radicals formed from antioxidants (phenoxyl and aminyl radicals) are stabilised by

the resonance, therefore are very unreactive and so are unable to abstract

RH
O2
[1.40]
RH R’ 02
[1.42] [1.41]
Branching <—— ROOH
ROO’
InH
[1.71]
ROOH
[1.72]
InOOR <—\ In’
ROO*

Figure 1.20: Chain cycle mechanism for inhibition of hydrocarbon oxidation by radical

scavengers. (R= alkyl group, In=phenoxyl radical)
hydrogens from other hydrocarbons and are only capable of reacting with other radical
to form stable products, reaction [1.72]. The examples of BHT reactions are shown in

Figure 1.21.%*
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OH oN
[1.73]
+ R + RH
CH,4 CH;
OH o’
[1.74]
+ ROO + ROOH
CH; CH;
O

H;C OOR
o] o’ OH 0
+ - +
CH; CH, CH; CH,
0 0
[1.77]
AT
—— + RO* + CHs’
H,C¢” “OOR

Figure 1.21: Examples of different BHT reactions: with alkyl radical [1.73]; with peroxy
radical [1.74],[1.75]; the interaction of two phenoxyl radicals (termination) [1.76] and

the decomposition of cyclohexadienone alkyl peroxide at high temperature [1.77].**

Phenolic antixodants play a crucial role in many industries, including the polymer,'®®

110,111 112

food,109 automotive industries, , and also the health sector.” © Therefore one of the

phenolic antioxidant inhibition mechanisms of the commercial antioxidant, octadecyl 3-
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(3,5-di-tert-butyl-4-hydroxy-phenyl)propanoate, has been proposed by Pospisil at el.

2002, in polymer degradation studies, Figure 1.22.'"

OH o OH
[1.78] [1.79]
ROO
N  —
N
F—o0 —0)
—o0
o} c|) (|)
CisH37 - CisHy | CisHz7
[1.80]
l ROO
Ci
[1.81]
ROO
further - |
polymerisation Ié L
):O
c|)
L CisH37

Figure 1.22: The radical mechanism of octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-

phenyl)propanoate proposed by Pospisil.'"

The primary products formed from antioxidant were monomeric, however further
reaction shows the formation of polymeric products. Interestingly formation of the first
product from antioxidant, quinone methide, was suggested, but was not supported by
any identification. This reaction mechanism is relevant to this study as octadecyl 3-(3,5-
di-tert-butyl-4-hydroxy-phenyl)propanoate is also used as an antioxidant in engine

lubricants, as it is sufficiently large to have a high boiling point.



26 Chapter 1: Introduction

The majority of previous antioxidant studies were based on interaction with radicals,
associated with autoxidation, for example: peroxyl, alkoxyl and alkyl, however reaction
with NOy, have not been explored in as much detail. Previous work, which studied
engine lubricant nitration, reported a reaction of 1000 ppm NO, with 2, 4, 6-tri-tert-
butylphenol in hexadecane solution at 160 °C.* The proposed mechanism of nitration
of phenolics, primarily showed the abstraction of phenolic hydrogen by NO, and then
the addition of nitrogen dioxide this was reported also at low temperatures,” Figure
1.23. The first addition of NO, was to para-position and then further addition to meta-
and ortho- positions. Unfortunately product identification in this work was not robust

and was based mainly on UV-vis analysis and on other studies at low temperature. 106

NO: , [1 82] N02 [1.83] further
nitration
-HNO>

Figure 1.23: Reaction mechanism of NO, with 2, 4, 6-tri-tert-butylphenol.'**

Other antioxidants, such as aromatic amines, react with radicals in similar way

to phenolics, by donating the hydrogen atom to radicals, Figure 1.24.

H [1.84]
RO",RQO

)@( @ /@ @1 koo

Figure 1.24: Reaction of aminic antioxidant with radicals.”*
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Previous studies of aminic antioxidant reactions with peroxy radicals at a high
temperature (above 120 °C), shown primarily the formation of a nitroxyl radical
intermediate, which then might react with a secondary and tertiary alkyl radicals, as the

mechanism illustrated below suggested, reactions [1.85]-[1.90].

R [1.86]

mm/' \oo.

OO OO OEO-

0
[1.90]%-’? CHRR’ / RRCe W
g [1.89]
OO

ROO«

Figure 1.16: Reaction of aminic antioxidant with peroxy radicals at high temperature.*

It was suggested that the alkoxy amine intermediate is thermally unstable and can

rearrange to the starting molecule, reaction [1.90].

The reaction of diphenylamine with NO, radical, gives the dimer Figurel.17.'"*

H
[1.91]

Iegs

Figure 1.17: Reaction of diphenyl amine with NO,.""*

Primarily the aminic hydrogen is abstracted by nitrogen dioxide and then
the termination reaction of two aminyl radicals give a dimer; this reaction was reported

to be slow at low temperature.
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1.10 Aims of the Project

Engine technology trends have lead to an increase of harmful NOy in the piston
assembly of automotive engines.*® Nitration of engine oils due to high concentration
of NOy can cause the acidification and thickening of the lubricants and has been
implicated in sludge formation.”” The aim of this project is to improve the
understanding of the reactions of NO, with lubricants at the high temperature formed in

the piston assembly of automotive engines.

NOx reacts with hydrocarbons causing engine oil nitration, therefore the importance
of this study was to understand the chemical mechanism by which inhibitors react with
NOy, because without antioxidants, oxidation and nitration would quickly decompose
the engine oil during use. Therefore the products arising from the interactions of
components of lubricant, such as antioxidants with NOy were identified and the

chemical mechanisms by which they react with NOy were proposed.

The secondary target was also to design and optimise a bench test, where the series of
test experiments, such as oxidation, nitration and nitro-oxidation were undertaken. The

pre-testing also included the detailed analysis of the model lubricant base oil, squalane.
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Chapter 2: Experimental

2.1 Introduction

This chapter describes the details of the apparatus set-up, reaction procedures and
analysis techniques used for this project. Additional information includes the details of

the synthesis undertaken for standard components.

2.2 Apparatus and Procedures

2.2.1 Apparatus Set-up
Experimental apparatus used in this work included the stainless steel reactor
(Figure 2.1), equipped with a system of traps and electronics to monitor the reactions.

An example of this apparatus set-up is shown in Figure 2.2.

Figure 2.1: Stainless steel micro-reactor (49.0 cm’ head space volume).

The stainless steel reactor was made in-house at the Department of Chemistry of the

University of York.
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Thermocouple
NO; cylinder \

Gas trap cooled
withice

O, sensor | b

. . r 4 3

Figure 2.2: Apparatus set-up for before reaction was undertaken.

Using this set-up different types of experiments were performed, including: nitration,
oxidation and nitro-oxidation. Most of the reactions were performed using continuous

gas flow, however using closed sealed system was also possible.

2.2.2 Reactions Procedure

Reactions were undertaken in a stainless steel micro-reactor that was sealed with
a stirring bar inside and placed into the heating jacket on the hotplate. All components
of the apparatus were connected together and the system was filled with nitrogen,
as shown in Figure 2.2 and schematically in Figure 2.3. The pressure gauge and
flowmeters (in and out of the reactor) were checked for any leaks or blockages, then
the reactor was heated to the desired temperature, e.g. 180 °C, controlled using a

stainless steel (BS316) coated K-type thermocouple placed inside. When
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the temperature was stable, the nitrogen gas was swapped to the reactive gas (O, NO,
or NO) allowing the calibration of the relevant sensor afterwards the desired gas flow
rate was set up to a constant value, e.g. 100 = 1 ¢cm’ min™. The lubricant sample
(7.0 + 0.1 cm’) was injected into the reactor and stirring was started at 600 rpm this
was used to define the start of the reaction. The parameters controlled and monitored
during the reaction were the temperature and the pressure inside the reactor and the
reactive gas concentration in the reactor exhaust. Samples of used lubricant were taken
periodically (typically every few minutes) through the septum using a cannula needle
and syringe, and then put in the freezer until analysed with different analytical

techniques. The volatile products were trapped in the cold trap and then analysed.

T ~
PC be-| DL [T =T
18 17 ¢ F:‘l_f_é

: 10 :
s 0:

Gas out

16 :
15 14 13 12 11 reactor

=]

Figure 2.3: Schematic diagram of the apparatus: 1, 2 - gas cylinders; 3, 4, 15 — flowmeters;
5, 6 — non-return valves; 7- micro-reactor; 8- thermocouple; 9 — septum, 10 — pressure
gauge; 11 — cold trap; 12, 13 — liquid traps; 14 — particulate filter; 16 — sensor; 17 — data

logger and 18 — computer.

The schematic diagram (Figure 2.3) shows an example of the set up for any type
of reaction using oxygen, nitrogen dioxide or nitrogen monoxide as a reaction gas and

N, gas used in calibration; the details of all apparatus parts are described in Table 2.1.
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Table 2.1: Details of the parts used in the apparatus.

Part | Details Supplier

Gas cylinders:

Nitrogen Dioxide ICl}iztirSOZelziure of 1000 ppm of NO; in BOC
L2 (NO2) Concentrated NO, gas (> 99.5%) Sigma-Aldrich
’ Nitrogen Monoxide Qas mixture of 1000 ppm of NO in BOC
(NO) nitrogen*
Oxygen (O,) High purity oxygen gas (> 99.5%) BOC
Nitrogen (N,) High purity nitrogen gas (= 99.5%) | BOC
?’54’ Flowmeters ranges: 0.02 - 0.5 1/min Cole-Parmer
5,6 Non-return valves, 1/3PSI, H400SSLI/8 Ham-Let
Stainless steel (BS304) reactor, 49.0 cm® head space volume | University of
7 with Heating jacket York
Hotplate, MR Hei-Standard with temperature controller, EKT | Heidolph
Spinplus, PTFE-coated, magnetic, stirring bar, size 1 1/2in. Sigma-Aldrich
8 Stainless steel, 0.5 mm, K-type thermocouple Fluka
10 Pressure gauge range 0 - 2 bar absolute, model P400 Digitron
Instruments

University of

11 Gas trap, capacity of 5.6 cm’, cooled with ice bath York

12,13 | Solvent traps, capacity of 25.0 cm’ gr;?l/(ersuy of

14 Particulate filter, unit Sum Minisart
Automotive NO, sensor, NO2/S-5000 or Membrapor

16 Automotive NO sensor, NO/F-5000 or Teledyne
Automotive O, sensor, class R-17A Analytical

Instruments
17 High resolution data logger Piko Technology
18 Computer Vilgen

All experiments (oxidation, nitration and nitro-oxidation) used the same apparatus set-
up, but with connection to different gases and equipped with the appropriate sensors
(O, NO; or NO). The results from the preliminary oxidation, nitration and nitro-
oxidation experiments are summarised in pre-testing section, in Appendix A, Figures

Al-AS6.



Interactions of Antioxidants with NOy at Elevated Temperatures 33

2.2.3 Reaction parameters

The typical reaction parameters are presented in Table 2.2.

Table 2.2: Typical reactions conditions.

Parameters Values Units
Temperature 180 £ 1 °C
Model lubricants: Base oil

Base oil with phenolic antioxidant

Base oil with aminic antioxidant

Base oil with phenolic + aminic antioxidants

Initial oil volume 7.0+0.1 cm’
Pressure 1050 =10 mbar
Gas Mixtures: 100 % O,

1000 ppm of NO; in N,

1000 ppm of NO in N,

100 % O, + 1700 £ 200 ppm of NO,
Sampling volume 0.50 £ 0.01 cm’
Stirring speed 600 rpm
Flow rate 50+£2 3.

00<1 cm’ min

2.2.4 Monitoring of the reaction

The monitored data were:
e Pressure inside reactor (purple line)
e Concentration of Oo/NO/NO; in post-reaction gases (blue line)
e Temperature of lubricant (green line)

e Sampling time and start of the reaction (red line)

An example of recorded data for oxidation reaction is shown in Figure 2.4.; recording

frequency was set up to one sample every two seconds.
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1200 A
= (Marker)
I
Oxvgen uptake
500 - (Temperature)
Omin S5min |10min [15min |20min , 25min [°c]
00 -
= [Pressure}
400 1 [mbar]
200 -+
= [Oxygen)
[mv]
D L} . n n n 1
W 200 400 00 200 \L 1000
Sample Duration ofthe reaction
Inj.

Figure 2.4: Example of raw data recorded using the thermocouple, pressure gauge and
oxygen sensor connected to the data logger/computer. Reaction conditions: 100% (1000

mV) O, at flow rate 100 cm’® min”', model lubricant squalane, T=180° C, p=1050 mbar.

From the raw data of oxygen consumption in [mV], the oxygen uptake in [mol min™']
was calculated using the ideal gas law equation and then converted to [mol dm™] as

shown in Appendix A, Table Al, as previously described by Alfadhl 2008.'"

Early studies included comparisons of oxygen uptake for different experiments, such as:
with and without antioxidant and with and without nitrogen dioxide, shown in

Appendix A, Figure Al.

This work’s experimental set-up (low pressure) was also compared to commercially
available oxidation text (high pressure), which shows the effect of the pressure on

degradation of model lubricants, in Appendix A.

Calculation of oxygen uptake has also been used also in detailed autoxidation studies of

the model base oil in Chapter 3.
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2.2.5 Safety using NO/NO,

The main experiments involved reactions of model lubricants with very aggressive
NO/NO; gases at the high temperature (180 °C), therefore the safety of using NO/NO,
is reviewed in this section and hazards from using NO and NO, are summarised

116,117
below.

2.2.5.1 Hazards of NO
The most significant risk from NO is that it is classed as a highly toxic gas (R26). The
full list of hazards are as follows:

e R8  Contact with combustible material may cause fire

e R26 Very toxic by inhalation

e R34 Causes burns
Mixture containing 1000 ppm of nitric oxide {O;R8|T+;R26|C;R34} in N, is classified
as (Xn) harmful:

e R20 Harmful by inhalation

Critical NO concentrations for a mixture of 1000 ppm NO in N, are given below:
e Occupational Exposure Limit (UK) - LTEL 25 ppm
e Occupational Exposure Limit (UK) - STEL 35 ppm

e LC50 115ppm

The safety phrases for NO are:
S9 Keep container in a well-ventilated place.

S23 Do not breathe the gas.
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2.2.5.2 Hazards of NO,
The most significant risk from NO, is that it is classed as a highly toxic gas (R26).
The full list of hazards below are as follows:
e R26 Very toxic by inhalation
e R34 Causes burns
Mixture containing 1000 ppm of nitrogen dioxide {T+;R26|C;R34} in N, are classified
as (Xn) harmful:

e R20 Harmful by inhalation

Critical NO, concentrations for mixture of 1000 ppm NO; in N, are given below:
e Occupational Exposure Limit (UK) - LTEL 3 ppm
e Occupational Exposure Limit (UK) - STEL 5 ppm

e LCso 115ppm

The safety phrases for NO, are:
S9 Keep container in a well-ventilated place.

S23 Do not breathe the gas.

The risks from the work with NO/NO, were covered by experiment risk assessments

completed before each experiment, as well as annual risk assessments.

2.2.5.3 Control of Risks from Using NO/NO,

Control of risk from NO/NO, to those in laboratory
Each experiment procedure using NO/NO, was confirmed by the detailed risk
assessment, and also

e Had individual risk assessment checked and countersigned in advance by either

of the project supervisors.
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At least one of the supervisors would be in the Chemistry Department during an
experiment.

Two members of the breathing apparatus team who are also first aid trained are
to be informed in advance and be available during the experiment.

The safety officer is to be made aware of the experiment start time, location and
duration before it starts.

The head technician for Green Chemistry is to be made aware of the experiment

start time, location and duration before it starts.

Operation of Experiment

To minimise the risks from using NO/NO,, the following restrictions had to be in place:

If the cylinder is to be removed from the fumehood then while in the fumehood
it will be turned off at the main tap and a blank fitted. Storage when not in the
fumehood will be in the well-ventilated cylinder cage.

The entire experiment, including the NO/NO, cylinder is to take place within
a fumehood. No other experiments are to take place in the fumehood.

The lab air outside the fumehood will be monitored for NO/NO, with a lower
alarm level of 25ppm/3 ppm. The monitoring is done by a BW Technologies
Gas Alert Extreme (Honeywell) NO and NO, gas detectors.

Experiments can only be undertaken during normal working hours.
Experiments cannot be left unattended for more than few minutes the sensor
should stay by the fumehood and another member of the group nominated to
monitor the experiment and sensor.

The fume cupboard flow rate and sash high alarm should be checked each day
before experiments start.

The experiment exhaust pipe is to be secured to the back of the fume cupboard.
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Control of risk from NO/NO; to those on roof of building
There was a conceivable risk to anyone on the roof, who is in the vicinity of the fume
cupboard stack during the normal operation of this experiment. This was addressed by:

e Access to the roof controlled by a permit to work system.

e  Work using high risk chemicals should stop when informed that people are on
the roof in the vicinity of the fumehood stacks.

e The reactor exhaust gas is passed through two traps containing NaOH, which is
intended to convert the NO, to NaNOs.

e Even if the scrubbers do not work, and someone was adjacent to the fumehood
stack, the concentration NO; in the fumehood exhaust stack can be estimated as
ca. 6ppb, which is x 10* lower than the Long Term Occupational Exposure
Limit of 25 ppm for NO (16 ppb, which is x 10’ lower than the Long Term

Occupational Exposure Limit of 3 ppm for NO5).

Details of concentration calculations

Concentration of NO

Volume flow rate of 1000 ppm NO in nitrogen- 0.1 dm® min™

Volume flow rate of NO — 0.1 cm® min™ or 1 x 10”7 m® min™

Volume flow rate in the fumehood exhaust (assuming only one fumehood feeds the
stack and the velocity at 0.5 m sash height is 0.5 m s'and width 1 m) — 0.25 m’s” or 15
m’ min”'. Thus the concentration estimate in the fumehood exhaust: = 1 x 107 m’ min’
/15 m® min™ or ca. 6 ppb, which is x 10* lower than the Long Term Occupational

Exposure Limit of 25 ppm.

Concentration of NO,

Volume flow rate of 1000 ppm NO, in nitrogen - 0.1 dm’ min™
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Volume flow rate of NO, — 0.1 cm’ min™! or 1x10”7 m> min™!

Volume flow rate in the fumehood exhaust (assuming only one fumehood feeds the
stack and the velocity at 0.2 m sash height is 0.5 m s'and width 1 m) is — 0.1 m’ s™ or
6 m’ min". Thus the concentration estimate in the fumehood exhaust: = 1 x 107 m’
min"/ 6 m® min™ or ca. 16_ppb, which is x 10’ lower than the Long Term Occupational

Exposure Limit of 3_ppm.

In case of accidental release
Possible scenarios for the accidental release of NO/NQO, into the lab air could be

envisioned:

Fume cupboard extract failure during normal running of experiment

If the fume cupboard fails during an experiment then the fume cupboard alarm will
sound. The main tap on the cylinder of NO/ NO, should be shut immediately and
the NO/NO, monitor checked for its concentration in lab air.

During the experiment, the volume flow rate of NO/NO, is 1 x 107 m® min™, so if
the fumehood failed completely, the time taken to fill the fumehood (assuming
a volume of 1 m’) to a concentration of 25ppm/3 ppm (the LTEL) would be

approximately 250 minutes for NO/ 30 minutes for NO,.

Fumehood extract and fumehood alarm failure during normal running of
experiment

If both the fumehood extracts and fumehood alarm fail during an experiment then a
hazard warning ocuurs on the NO/NO, monito, whch is sampling the air in the lab. If
the alarm sounds (at 25 ppm/ 3 ppm) the main valve on the cylinder should be shut off
immediately. If it is found from the monitor that the NO/NO, concentration has gone

noticeably above 25 ppm/3 ppm (the LTEL) the lab shall be evacuated immediately as
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a precaution. From the above calculation it may take at least 4h 20 min. for the
concentration of NO to build up to the 25 ppm alarm level and half an hour for the

concentration of NO; to build up to the 3 ppm alarm level.

2.3 Chemical and Physical Analysis

2.3.1 Gas Chromatography

Samples from reactions in the micro-reactor were routinely analysed using GC-FID.
The GC consisted of a Shimadzu GC17 gas chromatograph, equipped with a 5%
phenoxyl capillary column (Zebron ZB-5HT, Phenomenex, film thickness 0.25 um x
internal diameter 0.25 mm x length 30 m) and flame ionisation detector (FID);

chromatographic conditions are shown in Table 2.3.

Table 2.3: Chromatographic conditions of GC-FID analysis.

GC Conditions

Inlet temperature 360° C

Inlet type Split

Split ratio 10:1

Detector temperature 360° C

Programmed temperature 50-350° C at 5° C/min
Final temperature 350° C for 20 min
Carrier gas Helium

Helium flow rate 2.0 mL/min

Samples were prepared by diluting 1:3 by mass in n-hexane; 1uL of each sample was

injected into the GC.

Quantitative Analysis
Quantitative analysis was undertaken using GC-FID results together with the effective
carbon number (ECN) method,''® because appropriate GC calibration standards were

not always available, details in Appendix A (Figure A7, Table A2).
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2.3.2 Gas Chromatography — Mass Spectroscopy (GC-MS)

Standard GC-MS EI

The qualitative analyses were primarily undertaken using a Perkin Elmer Clarus 500
Gas Chromatograph with ZB-5HT column and equipped with electron impact (EI) mass

spectrometer (Perkin Elmer Clarus 560S), the chromatographic conditions are shown

in Table 2.4.

Table 2.4: Chromatographic conditions for standard GC-MS EI analysis.

GC Conditions

Inlet temperature 300°C

Inlet type Split

Split ratio 50:1

Initial temperature 60° C for 1 min
Programmed temperature 8° C/min

Final temperature 360° C for 20 min
Carrier gas Helium
Helium flow rate 1.0 mL/min
MS Detector

Interface temperature 300°C
Ionisation energy 70eV

This standard GC-MS EI analysis was good enough for screening of complex samples.
To acquire more accurate product identification the high resolution GC-MS EI and FI

were employed.
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High Resolution Accurate Mass GC-MS EI and FI

To identify reaction products, accurate GC-MS with electron ionisation technique (EI)
or field ionisation (FI) were used. The EI and FI mass spectra are complementary
methods; the EI contains information about fragment ions and was used to identify
the structures, whereas the FI contains more reliable information on molecular mass
ion,'"? particularly for species that fragment easily under electron impact. The analysis
used an Agilent 7890A GC with ZB-5HT column coupled to a Waters GCT Premier
Micromass TOF EI/FI MS, and chromatographic conditions shown in Table 2.5.
To obtain a better spectrum of the products a solvent suppression method was used,

which minimised large hexane and squalane peaks, e.g. Appendix A, Figure AS.

Table 2.5: Chromatographic Conditions for GC-MS EI analysis

GC Conditions

Inlet temperature 300°C

Inlet type Splitless

Initial temperature 60° C for 1 min
Programmed temperature 5° C/min

Final temperature 350° C for 16 min
Carrier gas Helium

Helium flow rate 1.0 mL/min
MS Detector

Interface temperature 300°C
Ionisation energy 70eV

The example of identification of one of the oxidation products the 6-methyl-2-
heptanone, using the GC-MS EI and FI methods is shown in Appendix A, Table A3.
The characteristic fragment ions, such as: m/z 43, 58, 71 and 85 were obtained in the EI
mass spectrum, where only one, the parent peak of m/z 128 (M ") without any fragment

ions was observed in the FI mass spectrum.
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2.3.3 UV-Vis Spectroscopy

UV-Vis spectroscopy was an additional method to help identify lubricant degradation
products which absorb UV-Vis light, such as transformation products of phenolic
antioxidants. The analysis was undertaken using Jasco V-550 Spectrophotometer with
quartz cuvettes 0.5 mm path length (100 pl max. sample volume, 20 dilution factor).
Samples were prepared by diluting in dichloromethane (DCM) in ratio approximately 1

to 100.
2.3.4 NMR Spectroscopy

Standard '"H NMR

'H NMR using a Bruker Ultra Shield 400 MHz spectrometer was routinely used in
structural analysis of organic species. Samples were prepared by diluting 1:4 w/w in

deuterated chloroform (CDCls).
High Resolution "H NMR (COSY, DOSY)

Analysis of reaction products was carried out using a Bruker Ultra Shield 700 MHz
spectrometer. The 1D proton NMR was measured with solvent suppression
of the squalane using the excitation sculpting suppression method.'? The 2D proton
NMR, standard COSY (Correlation Spectroscopy) sequence with the addition
of squalane suppression method and DOSY (Diffusion Ordered Spectroscopy)
sequence used stimulated gradient echoes with bipolar pulsed field gradients for the
diffusion measurements and the same excitation sculpting method to suppress the

squalane.
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2.3.5 GPC

The GPC analysis used HP Series 1090 Liquid Chromatograph, equipped with Gel
Permeation Column (Phenomenex Phenogel, styrene-divinylbenzene copolymer
packing material, narrow bore 5 um x diameter 4.6 mm x length 300 mm) with 50
Angstrom pore size (allowed molecular separation range 100-10000 g mol™);

the operating conditions are given in Table 2.6.

Table 2.6: GPC conditions details.

GPC Conditions

Column temperature 401 °C

Mobile phase flow rate 0.35 cm® min™

Run time 20 min

Mobile Phase Tetrahydrofuran (THF)

Photodiode array (PDA) Detector

Spectrum range 280-560 nm
Channels acquisition 8
Main wavelengths set up 260, 280, 305, 310, 315

In GPC, separation of components is obtained by effective molecular size or
hydrodynamic volume, therefore the large molecules elute first and small molecules
elute last. The retention time depends on the hydrodynamic volume / size. Separation

of components with a size difference greater than 10% could be achieved.'”'
2.3.6 Comprehensive two-dimensional gas chromatography (GCxGC)

Comprehensive two-dimensional gas chromatography combines two GC columns with
different separation polarities. This allows for the problem of two eluants eluting

simultaneously, as the likelihood of this happening on two different columns is reduced
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enormously and the technique also provides higher sensitivity and selectivity than

conventional GC, Figure 2.5.'%

1% column

N
\_/

2™ column

Figure 2.5: GCxGC instrument: 1-injector, 1** Column, 2-Interface, 2" Column and 3-

detector.

GCxGC with FID

The oxidised and nitrated samples were screened using GCxGC system with FID
detector. The analysis was undertaken using an Agilent 5975 gas chromatograph
equipped with 1% column ZB5-HT (non-polar) oven programmed 40-260° C, rate 8° C
min” and 2™ column HP-INNOWax (high polarity), oven 40-270° C, rate 8° C min’',

example of 2D chromatogram in Appendix A, Figure A9.
GCxGC with NCD

The determination of nitrated products was undertaken using a GCxGC system
consisting of an Agilent 6890 gas chromatograph with the first column DB5-HT (non-
polar) oven programmed 55-335° C, rate 5 °C min" and the second column SGE
BPX50 (moderately polar), oven 70-350° C, 5 °C min” connected to a nitrogen
chemiluminescence detector (NCD), example chromatogram in Appendix A,

Figure A10.
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2.3.7 FTIR /ATR Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is widely used to monitor increase

123-124

in oxidation and nitration products in used lubricants, an example in Figure 2.6.
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Figure 2.6: An example of FTIR spectrum of used lubricant from an engine showing
oxidation and nitration products in region 1940-1430 cm™ (BP/Castrol Laboratory in
Pangbourne UK, obtain by S. Holliday), (Top spectrum). Identification of functional
groups form the nitro-oxidation of squalane in the bench-top reactor at 180 °C (this

work), samples 0, 5, 10, 15, 20, 23, 25 and 30 minutes (bottom spectrum).

The examples of the characteristic frequencies for carbonyl, nitro, nitroso and N=0O

functional groups from the literature are shown in Appendix B, Table B3-B4.'”
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The primary analysis of neat reaction mixtures were undertaken using Bruker FTIR
Vertex 70 with resolution of 4 cm™ at 64 scans, spectra recorded from 4000 to 600 cm™
and collected using IR Opus 5.5 Software, examples in Appendix B, Figures A2 to AS.
Attenuated Total Reflectance (ATR) spectroscopy has been used for screening samples
from the experiments. However to analyse small concentration of the products

the Specac Omni-Cell System was used, Figure 2.7.

Cell Nest

BackPlate

Neoprene Gasket
Cell Windows

Spacer
Front Plate

Filling Port

LuerPlug

o @

Figure 2.7: Set up of universal transmission cell for the analysis of liquids in FTIR.

Additional Spacer

Specac Omni-Cell System is a universal transmission cell for the analysis of liquids
in FTIR. The samples were analysed neat in the thin film sandwich between two CaF,

windows (4 mm thick) in a liquid cell and using 0.5 mm teflon spacer.
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2.3.8 Kinematic Viscosity

Viscosity is a very important engine oil property, which measures its resistance to flow.
In this work, kinematic viscosities at 40.0 + 0.1° C were taken using Cannon-Manning
micro-viscometer U-tube 300, Figure 2.8. The temperature of the water bath was
40.0 = 0.1° C. The sample of the oil was drawn into the viscometer tube, then the tube
was left for ten minutes in the heating bath to stabilise. The efflux time taken for the
level of the liquid to pass between marks A to B was proportional to the kinematic
viscosity. Kinematic viscosity was calculated by multiplying efflux time by viscometer

tube constant.

Figure 2.8: Cannon-Manning micro-viscometer U-tube 300.
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2.4 Synthesis

The 2,6-di-tert-butyl-4-ethylidene-cyclohexa-2,5-dien-1-one (quinone methide, QM1)
was synthesised from 2,6-di-tert-butyl-4-ethylphenol using a similar procedure to Cook
at el. 1958,'%® reaction 2.1. This product was used as a reference during product analysis

in Chapter 4.

OH [2.1] 0

KsF E{CN}E
CeHsCl
KOH/H:0 ,T=25°C

Figure 2.9: Reaction of synthesis of 6-di-tert-butyl-4-ethylidene-cyclohexa-2,5-dien-1-one
(quinone methide, QM1).

A solution of 1g 2,6-di-tert-butyl-4-ethylphenol in 2.5ml of chlorobenzene was stirred
with 3g potassium ferricyanide (II1), KsFe(CN)g, in an excess of alkaline solution (6 ml,
0.2 M KOH solution) under an inert (N;) atmosphere at room temperature. The alkaline
solution was added to the starting solution by syringe, until the blue colour

disappeared. Synthesis set-up is shown in Figure 2.10.

Gas out

"~

™h

Inert gas (Nj)

3 i |

Figure 2.10: Apparatus for synthesis: 1-thermometer, 2- thermometer adapter with side

arm adapter, 3-magnetic stirrer, 4-septum, 5 —(3)-neck flask, 6- magnetic stirrer bar.
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The crude product was filtered, washed with n-hexane and recrystallised, the yield
obtained was approximately 80%. Product was analysed using: '"H NMR, GC-MS EL

UV-Vis and GPC details below.

Product: 2.6-ditert-butyl-4-ethylidene-cyclohexa-2.5-dien-1-one

"H NMR (CDCly): 8 (ppm); 1.29 (s, 18 H), 2.05 (dd, *J = 7.5 Hz, 3 H), 5.65 (q, 3] =
7.5 Hz, 1 H), 6.95 (m, 1 H,), 7.35 (m, 1 H)

Predicted "H NMR (ACD/I-lab): & (ppm); 1.28 (s, 18 H,), 1.96 (dd, %)=7.5Hz, 3 H),
5.92 (q,*J=7.5Hz, 1 H), 6.96 (m, 1 H), 7.36 (m, 1 H)

MS (EI): m/z (relative intensity) 57.172 (50), 128.337 (27), 133.435 (30), 175.115 (70),
189.129 (65), 217.159 (100), 232.184 (25)

UV-Vis (DCM): Amax =304 nm

GPC (THF): Apax = 305 nm

Some figures from QM1 analysis could be found in Chapter 4, where it is compared to

other quinone methide product.
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2.5 Materials

All commercially available materials used in this experimental work are given in Tables

2.7 and 2.8.

Table 2.7: Materials — part 1.

Common name S
. . . . Z .
(abbreviation in thesis) IUPAC name Structure o Purlt.y/
/Formula/ < | Supplier
Molecular weight o
Squalane (SQ) 2,6,10,15,19,23- 2 99%
CsoHg Hexamethyl )WWWWM < | Sigma-
422.81 g/mol tetracosane E Aldrich
OH
Octadecyl 3-(3,5-di-
IcrgE}_IIlO)é)L107® (OHPP) tert-butyl-4- 99.9%,
35H6203
530.86 g/mol hydroxyphenyl)propa e BASF
noate —o 2
0 o
0
S
CisH37 A
OH
IrganoxL135® 3-(3,5-di-tert-butyl-
C7-C9 branched alkyl 4-hydroxy- BASF
esters phenyl)propanoate ~
o o
o @
| 2
CG-C7
Irganox L57® 4-tert-butyl-N-[4- *" "
Butylated/Octylated (1,1,2,2- N o | 99.9%
diphenylamine tetramethylpropyl)ph /©/ \©\ ; BASF
enyl]aniline R R| B
o
Irganox LO1®, 4-(1,1,3,3- H
4.4’-Dioctyl Diphenyl tetramethylbutyl)-N- ) Z 99 99
amine (DODPA) [4- (1,1,3.3- /©/ \©\ | BASE
CysHysN tetramethylbutyl)phe N
393.34 g/mol nylJaniline Caty GH |
3,5-Di-tert-4- OH
o
butylhydroxytoluene 2,6-Di-tert-butyl-4- ) 9? %o
(BHT) > | Sigma-
methylphenol o« :
C 1 5H24O % Aldrich

220.35 g/mol




52 Chapter 2: Experimental
Table 2.8: Materials — part 2.
Common name S
. . . . Z .
(abbreviation in thesis) TUPAC name Structure ‘ Purlt.y/
/Formula/ < | Supplier
Molecular weight ©
OH
— [\)
(EthPh) 2,6-Di-tert-butyl-4- O
C1eHa0 ethylphenol 3 | Sigma-
234.38 g/mol yip & | Aldrich
<
OH
0,
T1BP 2,4,6-Tri-tert- e
C1sHz00 butylphenol & | Sigma-
262.43 g/mol yip S | Aldrich
@
o~
; A
K;Fe(CN) Potassium 8 99%
3 239 ’5 /m6 1 ferricyanide (I1I) - & | Sigma-
<> Hmo S | Aldrich
it
=1 99%
1C16§155(él Jmol Chlorobenzene - Oo,\ Sigma-
e & | Aldrich
Y
on
KOH Potassium hydroxide - g Fisher
=
=
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Chapter 3: Autoxidation of Squalane in the Liquid
Phase

3.1 Introduction

Commercial base fluids typically consist of branched alkenes derived from highly
refined crude oil, which consequently have a large variety of masses and structures. It is
therefore very difficult to analyse for numerous degradation products when using
commercial base fluid and even more difficult to link an individual product with
a starting base fluid molecule. However, the analysis of the base fluid degradation
products could be simplified, when using a single hydrocarbon as a model base oil. The
example of the GC-FID trace of the commercial base oil (Yubase 4) compared to model

base oil squalane is shown in Figure B2, Appendix B.

- : - - . 103-106,111,127
Previous work used linear alkanes to study engine lubricant degradation, e

which are not very representative as model base oils due to their lacking tertiary
hydrogens, which will be abstracted more readily by radicals than primary or secondary
hydlrogens.21 Another disadvantage was that the hydrocarbons studied were too volatile

to be easily used at the high temperature found in piston assemblies.

Therefore, squalane (2,6,10,15,19,23-hexamethyltetracosane), Figure 3.1, has been used
in this work as a representative chemical model of lubricant base fluid to investigate

engine lubricant degradation at piston ring pack conditions.

Figure 3.1: Chemical structure of squalane (C;,Hg,).
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Autoxidation of squalane has been studied in the liquid phase at 170 °C with products
identified by GC-MS EI and FI and quantified by GC-FID, and the chemical
mechanisms for their formation were compared to previous work on pristane, a smaller

branched hydrocarbon.'"’

Squalane has been used as a model lubricant as it contains a comparable percentage

22128 shown

of tertiary carbon atoms to the range of commercially available base fluids,
in figure B1l, Appendix B, which influences its thermal oxidative resistance due
to the weaker tertiary bond strength.”' Another advantage of using squalane as a model
base oil is its low volatility at high temperatures with the flash point (closed cup)

of 218 °C,"" which is important when studing the liquid phase at high temperatures of

piston assembly.

Understanding the chemical mechanism underlying lubricant base fluid oxidation is
very important, because it determines the useful lifetime of lubricants and squalane is

used as a model base fluid in further antioxidant degradation studies, in chapters 4 to 7.

3.2 Previous work

Most of previous work on the autoxidation of alkanes in the liquid phase and hence

on lubricant base fluid degradation have been based on linear alkanes (used

as a chemical models), such as n-hexadecane, n-decane and n-octane.'®'%-!1"127
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N S VN N N

I N

Figure 3.2: Chemical structure of n-hexadecane (C,¢Hss), n-decane (CoH;), n-octane
(CsHis).

The standard, generic hydrocarbon oxidation mechanism was explained above
in Table 1.10, Chapter 1. It consisted of four stages: initiation, propagation, chain

branching and termination. The diagram of the propagation phase, in which

the dominant chain carriers are alkyl and alkylperoxy radicals, is shown in figure 3.3.

__________________________________________

: RH 0, :

1 I

: [1.56] Initiation :

: |

| HO,* 1

e e s e e I

RH R* 0:
Propagation
[1.57]

eI q
; <«— . ROOH «
- : N ROO . .
: Branching o
: : Termination Nion radicsl
L [1.59] !
E [1.60] ! products
' [1.61] :

I
|

- - -

130,131

Figure 3.3: Schematic diagram of oxidation of hydrocarbons.
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Unfortunately n-alkanes are not very representative as model lubricants, because
commercial base fluids contain a substantial percentage of the branched alkanes,'*®
which are more likely attacked by the radicals, therefore branched alkanes were

reviewed.

Early work on oxidation of branched alkanes in the liquid phase, such as 2,4,6-
trimethylheptane, Figure 3.4, reported the formation of di- and tritertiary

hydroperoxides and was studied at 80 to 120 °C."*?

TTT

Figure 3.4: Chemical structure of 2,4,6-trimethylheptane (C,H,,).

Unfortunately, this hydrocarbon is too volatile to study engine lubricant degradation
at piston ring pack conditions, therefore it is not a very good lubricant model. Another
disadvantage is that it contains tertiary hydrogen atoms separated by just one carbon
this allows internal hydrogen abstraction by a tertiary alkylperoxyl radical via
a sterically favourable six-membered cyclic transition state. The separation of tertiary
hydrogen in base fluids will normally be greater than for 2,4,6-trimethylheptane and

therefore intra-molecular abstraction therefore less likely in a lubricant base fluid.

The longer branched hydrocarbon, squalane, has been investigated as a chemical model
of polyolefin degradation in photo-oxidation studies.'”> However the oxidation was
undertaken at low temperatures 40 to 60 °C not representative for engine piston
assembly. The analysis was also limited to FTIR technique and the chemical

mechanism was based on the identification of the functional groups.
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Squalane has also been recently investigated as a chemical model for base fluid
oxidation,"* as it is a branched alkane that can remain liquid up to at least 200 °C.
Products resulting from the oxidation of squalane and also lighter than squalane were
analysed using GC-MS, however with the limited reporting of the mass spectra
justifying the assignments or mechanistic explanations for the origins of the products

identified.

The next branched hydrocarbon, pristane (2,6,10,14-tetremethylpentadecane), Figure

3.5, has been reported previously in autoxidation studies at 170 °C."*

TTTrTUTTT

Figure 3.5: Chemical structure of pristane (C;9Hy).

Pristane was used due to its simpler structure and smaller size. The twenty-three
pristane oxidation products were identified, including: alkanes, alkenes, ketones,
alcohols, acids and lactones and analysed using various analytical techniques, details in
Table B1, Appendix B. Products have been quantified and formation mechanisms

proposed.

The initial product formed during the oxidation of alkanes, including pristane is
the hydroperoxide. It is formed by the standard hydrocarbon oxidation mechanism by
abstraction of a hydrogen atom by a peroxyl radical as shown in reactions [3.1] and
[3.2], Table 3.1 (R, R’ and R” are alkyl chains and early in the reaction RH is pristane).
Hydroperoxides from pristane were not detected, due to the difficulty in detecting them
directly by GC, and wet techniques were not used due to the very limited amount of
sample available for analysis. Previous work has; however, shown that hydroperoxides

are abundant at lower temperatures (e.g. 90 °C), but are more minor products at 170 °C,
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as they decompose rapidly to form an alkoxyl and a hydroxyl radical, reaction
[3.3]. 104105

Table 3.1: Autoxidation of pristane — initial reactions.

Reactions No.
ROO +RH — ROOH + R’ [3.1]
R +0,— ROO’ [3:2]
ROOH — RO +OH [3.3]
RO +RH — ROH + R’ [34]
R’R”C(H)O + 0, — R’R”’C=0 + HOO' [3-5]

During the oxidation of pristane, large quantities of pristanols (particularly tertiary),
were formed, accounting for (45 + 6) % of the pristane, reacting in the early reaction,
they formed by the abstraction of a hydrogen atom by an alkoxyl radical, reaction [3.4].
Formation of the secondary pristanols could be from the secondary alkoxyl radicals via
hydrogen abstraction, but they could also react with molecular oxygen to form
pristanones, reaction [3.5]. The proportion of the secondary alkoxyl radicals reacting
with oxygen to form pristanones instead of abstracting a hydrogen atom to form
pristanols was found to be (42 + 5) % , it was observed in the early stage
of the reaction, when still significant quantities of oxygen were present, as seen

in Figure B3, in Appendix B.

However the majority of the products identified from the autoxidation of pristane were
smaller and more volatile than pristane itself (19 out of 23), which products could be
associated with the decomposition via beta-scission of the two tertiary alkoxyl radicals
(2-pristoxyl and 6-pristoxyl). Early in the reaction the decomposition of tertiary alkoxyl
radicals accounts for (53 = 3) % of the reacting pristane. This decomposition to form

a fragment methyl ketone and a primary alkyl radical for the example of the 6-pristoxyl
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radical cleaving between carbons 5 and 6 is shown in Figure 3.6, reaction [3.6]. A
significant proportion (27 + 2) %, of these primary alkyl radicals do not add oxygen

(e.g. reaction [3.7]), but abstract a hydrogen to form fragment alkanes instead.

Ao A

(o}

[3.6]
)\/\/L +
o .

Product 10 w 3.7]
e M
H\O/OM Product 12

\SH) [3.3]
[3.8] (-H0) -O\/\/L/\)\

+ RH
Oz \\
/‘[3_5] [3.4]
OW HO\/\/L/\)\
Product 14
ll 3.113.3]

OW
HO—O

[3.9] Oy R

+ + O R [3.10]

HO Product 18

Figure 3.6: Chemical mechanism of oxidation of pristine - formation of ketones and

carboxylic acids. Product identification in Appendix B.

The latter part of the reaction showed a noticeable decrease in formation of the most
volatile products, such as propanone and 2-methylpentane (Figures B4 and BS5 in
Appendix B). This loss is possibly associated with condensation of these volatile
products in the tubes of the reactor and not due to reacting further, as they are

comparatively unreactive species.
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There were three carboxylic acids identified from the oxidation of pristane, 4,8-
dimethylnonanoic, 3-methylbutanoic acid and ethanoic acid. The example of a possible
reaction mechanism of the formation of carboxylic acids, which is based on the

formation of 4,8-dimethylnonanoic acid (product 18) is shown in Figure 3.6.

In the second mechanism, the primary hydroperoxide (4,8-dimethylnonyl-1-
hydroperoxide) is formed, which can decompose to form a primary alkoxyl radical.
The alkoxyl radical can either abstract a hydrogen atom (reaction [3.4]) to form
a fragment primary alcohol (product 14) or react with oxygen to form an aldehyde,
reaction [3.5]. Reaction [3.8] shows a direct dehydratation of hydroperoxides

to the aldehyde.

This work did not detect any aldehydes, possibly they are likely to be attacked far faster
than either the substrate or other oxidation products, due to their exceedingly labile
hydrogen atoms and react away rapidly (giving a low, steady state concentration
throughout the reaction). However the equivalent of peracid is formed (via reactions
[3.1], [3.2] and [3.3]), which will readily react with any aldehyde present via reaction

136-138

[3.10], the Baeyer - Villiger reaction, or with another peracid molecule, reaction

[3.9], to form 4,8-dimethylnonanoic acid (product 18)."*’

Evidence for the formation of aldehydes was primarily supported in the formation of
both pristanol (e.g. detected 4,8-dimethyl-1-nonanol) and pristanone, from the attack on
the secondary hydrogen atoms, which supports the notion that the equivalent aldehyde

must also have been formed.

Secondly, the fraction of tertiary pristoxyl radicals decomposing decreases as
the reaction proceeds. The decomposition rate constant will not vary throughout

the reaction this implies that the rate of the competing reaction, hydrogen abstraction,
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increases throughout the reaction. In the initial stages of the reaction abstraction can
only be from pristane; the increase in rate must arise from products with exceedingly

labile hydrogen atoms, consistent with aldehyde formation.

The third evidence for the formation of aldehydes was the detection of large quantities
of carbon monoxide, which was detected at relatively low temperatures during this
study, by the reaction of decarbonylation of the aldehyde following hydrogen

abstraction.

Smaller acids such as 3-methylbutanoic acid can form in a related fashion, due to
elimination of carbon monoxide or carbon dioxide by acyl or acylperoxyl radicals
the result of this process is that an alkyl radical is produced with one less carbon atom
than its parent. These smaller carboxylic acids can possibly also form by the attack

on secondary C-H bonds and the decomposition of the resulting alkoxyl radical.

Formation of lactones during autoxidation of hydrocarbons in the liquid phase is

103-106,127,140

the well known mechanism and in this study two lactones were detected.

Previously proposed reaction mechanism for the formation of lactones from secondary

peroxyl radicals, by Goosen (Figure 3.7),'*

involved the multiple internal abstractions
by alkoxyl radicals resulting in a hydroxyl substituted carboxylic acid, which then

undergoes an internal esterification to give a lactone.

R R R R R
T T T el ) o= )
HOO 0 HO HO HO
R R R R R

- P .
\Q Hg/lo =~ HO O =" o 00 ﬁm-\/
o HO HO HO

HO

Figure 3.7: Lactone formation by Goosen et al.'*
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Goosen’s mechanism for lactone formation, however requires two hydrogen
abstractions from one carbon atom, and therefore it cannot be applicable here since

the lactones detected here result from the abstraction of two tertiary hydrogen atoms.

An alternative to Goosen’s mechanism is suggested in Figure 3.8, which provides
a competing route for the primary peroxyl radical (4,8-dimethylnonyl-1-peroxyl

radical) from Figure 3.6.

[3.2]-[3.4] %

_0
HO
OH

l (-H20) [3.10] or [3.111, [3.12]

OWW\

OH
[3.1], [3.3], [3.4],
u [3.14], [3.15]

S
HO OH
l (-H20) [3.12]
© 0
product 19

Figure 3.8: Lactone formation by Belenkov et al."*'
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This can undergo an internal hydrogen abstraction reaction of the tertiary hydrogen next
along the chain, which involves a 7-membered transition state, to form a hydroperoxyl-

alkyl radical.

The alcohol is formed from the carbon-centred radical reactions [3.2], [3.3] and [3.4]
and then possibly dehydrates of hydroperoxide to form an aldehyde, which is via either
the single step or multi-step process andthe aldehyde group would very likely rapidly be
oxidised to a carboxylic acid group. As suggested by Goosen, the hydroxy-carboxylic

acid can then undergo an internal esterification to form the lactone.

An alternative mechanism for the formation of y-lactones suggested by Belenkov

involved the further oxidation of a tetrahydrofuran product. 141

In this study the trace
amounts of 2,2-dimethyltetrahydrofuran were detected; despite the fact that the ratio of

lactone to the tetrahydrofuran was very large. This mechanism therefore is unlikely to

be significant.

There were two l-alkenes (2,6-dimethylhept-1-ene, product 7, and 2,6,10-
trimethylundec-1-ene, product 16) detected and quantified, which have not been
reported previously during autoxidation of alkanes at 170 °C, and have only been
observed at temperatures above 300 °C (in dodecane oxidation at high pressure), with
the suggested mechanism of their formation being the decomposition of alkyl

. 142
radicals.

The decomposition of the 6-pristyl radical to form two 1-alkenes is
illustrated in Figure 3.9. There are formed in two ways, the firstly by the abstraction of

the hydrogen atom by primary alkyl radicals, or by oxidation to form a primary alcohol.

The 3.7 + 0.4 % of pristyl radicals decompose to form a 1-alkene, this was examined
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by the ratio of 1-alkenes to products formed from the pristoxyl radical, with the rest

of pristyl radicals adding oxygen.

PO PN

;413]\«
W MprOdUCt7
X =
+

+ product 16

+ RH [3.7],/ \{[3.1]‘ 53], B4l
RH
W )\/\/L/\/OH

product 9 product 14

e

[3.7]

QF

product 2

Figure 3.9: Chemical mechanism of alkenes formation.'”

The rate at which lubricants are lost from the automotive engine are known as
the useful lifetime of lubricants; this can be determined by so-called volatile oxidative

105
loss.

During autoxidation hydrocarbon molecules of the lubricant base fluid are
broken to form smaller hydrocarbon molecules, which are sufficiently volatile to be lost
from the engine. A previous study of the chemical mechanism for the volatile loss is
given as a direct cleavage of the carbon-carbon backbone of the base fluid molecule;
however, this is unlikely at the temperatures used in the study or to the temperatures
which lubricants are exposed to in gasoline engines. However in this work the oxidative

loss of lubricant actually results from cleavage of tertiary alkoxyl radicals to form

smaller, more volatile fragments.

The well known lubricant science could explain that a base fluid is more susceptible
to oxidation the higher the proportion of tertiary hydrogen atoms it contains, as these

have weaker bond strengths than secondary or primary C—H bonds this work allows this
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understanding to be quantified. The 77 = 2 % of radical attack occurs at tertiary
hydrogen atoms during the autoxidation of pristane at 170 °C with the remaining 23 %
due to attack at secondary hydrogen atoms (Figure B3 in Appendix B). As there are
only four tertiary hydrogen atoms per molecule, compared with 18 secondary hydrogen
atoms, this is equivalent to tertiary hydrogen atoms being 15 + 1 times more reactive

than secondary hydrogen atoms during autoxidation at 170 °C.

An initial oxygen pressure of 1000 mbar pressure used in these studies was different
then in automotive engines, where the oxygen pressure is noticeably lower than
the ambient 210 mbar; therefore the relative importance of competing reactions
of secondary alkoxyl radicals to give either ketones or alcohols will be different during
lubricant oxidation in engines. The proportion of secondary alkoxyl radicals reacting
with oxygen to form a ketone during lubricant oxidation, instead of abstracting
a hydrogen atom to form secondary alcohol is expected to be considerably lower than
the (42 +5) % found for pristane oxidation in these experiments, probably in the range

of 510 %.

In other work from these labs, ketones from squalane oxidation were analysed using
GC-MS EI and CI, and comparison to NIST library database of MS-EI results was

made, details Appendix B.''°

Consequently, the following sections give some extended information on squalane
degradation and the autoxidation of squalane will be examined to establish whether
similar oxidation mechanisms occur with larger alkane compared to smaller ones, such

as pristane.
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3.3 Results

The GC-FID trace of oxidised squalane at 170 °C in the bench-top reactor is shown in

Figure 3.10.
1 Squalane
7 Sa
9
- 10
‘ -+ 5
2
3 ) 8
' Lol Wi
o : . : . : ,
5 10 15 20 25 30 35 40 45 50

Time (minutes)

Figure 3.10: GC-FID trace of squalane oxidation for 10 minutes at 170 °C in the static
reactor. Peaks 1: propan-2-one; 2: 2-methylpentane; 3: 6-methylhept-2-one; 4: 2, 6-
dimethylnonane; 5: 6,10-dimethylundecan-2-one; 6: 2,6,10-trimethyltetradecane;
7: 7,11,15-trimethylhexadecan-2-one; 8: 2,6,10,15-tetramethyloctadecane; 9: 6,11,15,19 —
pentamethyleicosan-2-one; 10: 2,6,10,15,19-pentamethyldocosane; and 11: 2,6,10,15,19,23-

hexamethyltetracosane (Squalane).

This work focuses mainly on the identification of alkanes, which are the second
significant peaks numbered: 2, 4, 6, 8 and 10 on the GC trace in Figure 3.10. Five large
peaks of ketones were previously identified by Alfadhl, using GC-MS electron
ionisation and ammonia chemical ionisation,116 numbered: 1, 3, 5, 7 and 9, and their
analysis is confirmed here adding field ionisation (FI) technique. The structures and

relative molar masses of identified alkanes and ketones are shown in Table 3.2.

Identification of alkanes (this work) included two complementary analyses the GC-MS
FI and the EI. The FI was useful in obtaining information about the molecular mass ion,
where the EI gave the characteristic fragmentation patterns, allowing to suggest the

appropriate structures.
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Table 3.2: Chemical structures and molecular weights of squalane oxidation products.

1 2
Name: propanone (acetone) | Name: 2-methyl-pentane
Mr: 58 Mr: 86
0
R A~
Name: 6-methyl-2-heptanone Name: 2,6-dimethyl-nonane
Mr: 128 Mr: 156
Name: 6,10- Name: 2,6,10-
dimethylundecan-2-one trimethyltetradecane
Mr: 198 Mr: 240
o Lo
“, : . SN
7 8
Name: 7,11,15- Name: 2,6,10,15-
trimethylhexadecan-2-one tetramethyloctadecane
Mr: 282 Mr: 310
{ ‘ 9
Name: 6,11,15,19- 10
tetramethyleicosan-2-one Name: 2,6,10,15,19-
Mr: 352 pentamethyldocosane
Mr: 380

GC-MS EI results were also compared with EI data from NIST database and
confirmations of the characteristic mass ion fragments for smaller alkanes were
possible. The similarity indices were not included as for the structural similarity the
library matches were not always reliable. Comparison of the GC-MS EI spectra with the
library EI data from NIST database are presented in Table 3.3. Where suitable library
matches were not available, assignments were made using mass spectrum data, GC

retention times and the similarity of this spectrum to that of the previously identified for
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smaller molecules the example of identification of 2,6,10,15-tetramethyloctadecane is

shown in Figure 3.4

Table 3.3: GC-MS EI mass spectra matched with NIST Library results (this work).

NIST Library EI-MS

No | Assignment EI-MS m/z (relative intensity) m/z
1 | propanone 43 (100) 58 (35) 43 (100) 58 (64)
2 | 2-methylpentane 41 (31) 42 (42) 43 (100) 57 (10) | 41 (29) 42 (54) 43 (100)

71 (32) 86 (18)

57 (10) 71 (27) 86 (3)

43(90) 58 (100) 71 (18) 85 (12)

43 (100) 58 (73) 71 (12)

3 | 6-methylhept-2-one 95 (21) 110 (24) 128 (6) 85(7)95(10) 110 (8)
128 (3)
43 (69) 57 (78) 71 (100) 85 (15) | 43 (98) 57 (77) 71 (75)
4 | 2,6-dimethyl nonane | 97 (1) 113 (22) 126 (1) 127 (2) | 85(8) 97 (2) 113 (6)
141 (3) 156 (2) 126 (1) 141 (2) 156 (1)
. 43 (60) 58 (100) 71 (29) 85 (18) | 43 (98) 58 (100) 71 (32)
5 gf)?l‘edlmethylundecan' 95 (19) 109 (22) 123 (6) 140 (7) | 85 (16) 109 (11) 123 (4)
180 (11) 198 (0.1) 140 (6) 180 (8) 198 (1)
43 (52) 57 (100) 71 (80) 85 (63) | 43 (78) 57 (100) 71 (64)
5 | 2010 (1) 193 5) 19709211 (1) | 127.4) 135 (13) 153 ()
trimethyltetradecane | 5,5 71546 (0.5) 197 (1) 211 (1) 225 (1)
240 (1)
711.15- 43 (62) 58 (100) 71 (40) 85 (23) | No data available
7 tr’iméthylhexadecan—Z— 95 (24) 109 (48) 123 (17) 137
oo (24) 151 (4) 179 (9) 193 (3) 222
(29) 249 (1) 264 (7) 282 (0.1)
43 (46) 57 (100) 71 (96) 85 (62) | No data available
5 6.10.15. 99 (28) 113 (27) 127 (21) 141
8 te’tr’am,ethyloctadecane (8) 155 (12) 183 (7) 197 (2) 211
(3) 227 (2) 239 (1) 252 (0.3) 267
(0.5) 281 (0.5) 295 (0.1)
43 (59) 58 (100) 71 (44) 83 (34) | No data available
6,11,15,19 — 85 (30) 95 (46) 109 (62) 123
9 | pentamethyleicosan-2- | (23) 138 (22) 151 (5) 179 (2)
one 193 (6) 222 (8) 249 (1) 264 (1)
282 (2) 334 (40) 352 (0.1)
43 (43) 57 (100) 71 (96) 85 (72) | No data available
99 (32) 113 (31) 127 (22) 141
10 | 2:6.10,15,19- (23) 155 (13) 183 (14) 197 (9)
pentamethyldocosane | 211 (1) 225 (2) 239 (1) 253 (0.3)
267 (0.4) 281 (0.2) 295 (0.4)
336 (0.2) 350 (0.1) 365 (0.1)
43 (25) 57 (85) 71 (100) 85 (95) | 43 (45) 57 (100) 71 (76)
99 (70) 113 (85) 127 (70) 141 85 (48) 99 (30) 113 (40)
(50) 155 (45) 169 (40) 183 (55) | 127 (28) 141 (15) 155
2,6,10,15,19,23- 197 (25) 211 (20) 225 (5)239 | (14) 169 (12) 183 (30)
11 | hexamethyltetracosane | (20) 253 (1) 267 (6) 281 (1) 295 | 197 (6) 211 (5) 225 (3)

(squalane)

(1)309 (1) 336 (1)

239 (28) 253 (1) 267 (7)
281 (1) 295 (1) 309 (1)
323 (1)336(1)337 (1)
350 (1)
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Peak 8: 2,6,10,15-tetramethyloctadecane

Mass Spectrum

43 (46) 57 (100) 71 (96) 85 (62) 99 (28) 113 (27) 127 (21) 141 (8) 155 (12) 183 (7) 197
(2) 211 (1)225(2) 239 (1) 253 (1) 267 (1) 281 (1) 295 (1)

Assignment

43 (C3Hy) P

57 (C4Ho) PN
71 (CsHys) P
85(Cetli) L4

99 (C7H;s) P
13 (CsHy) L,
127(CoH) Ll
141 (CiHa) L L
155(CuHy) L L,

183 (Ci3Hz7) W+

197 (C1aHzo) M+

211 (CysHs) W"

225 (Ci6Hs3) W+
239 Cotss) L L s
253 (CisHy7) WW+

267 (C19H39) WM+
281 (C20H41) M/\M+
295 (Cy1Hys) W/W+

Figure 3.4: Example of GC-MS EI identification of 2,6,10,15-tetramethyloctadecane.
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The GC-MS FI results are summarised in Table 3.4 together with ammonia CI data,
(which gives fragment [M+18]) from previous work,''® which were added here as
supporting data.

Table 3.4: Measured FI (this work) and ammonia CI (previous work) mass spectra

for squalane oxidation.

No | Assignment

FI-MS m/z

CI-MS m/z*

1 | propanone

No data available

No data available

2 | 2-methylpentane

No data available

No data available

6-methylhept-2-one

110 (15) [M-18], 128 (100)
[M], 129 (12) [M+1]

58 (78) 71 (25) 85 (32) 95
(40) 110 (100) [M-18],

3 128 (15) [M], 129 (25)
[M+1], 134 (7) 146 (89)
[M+18]
2,6-dimethyl nonane 156 (100) [M], 157 (12) No data available
4 [M+1]
2,10-dimethylundecan- | 43 (8) 180 (42) [M-18], 198 | 58 (32) 69 (14) 85 (24) 95
2-one (100) [M], 199 (21) [M+1] (22) 109 (30) 140 (11)
5 180 (41) [M-18], 198 (8)
[M], 199 (13) [M+1], 216
(100) [M+18]
6 2,6,10- 240 (100) [M], 241 (20) No data available
trimethyltetradecane [M+1]
7,11,15- 222 (7)264 (31) [M-18], 282 | 58 (23) 82 (15) 95
trimethylhexadecan-2- (100) [M], 283 (29) [M+1] (17)109 (30) 123 (10) 137
5 | one (16) 151 (5) 179 (6) 222
(25) 264 (14) [M-18],
282 (8) [M], 300 (100)
[M+18]
2,6,10,15- 43 (11) 239 (12) 308 (10) No data available

8 | tetramethyloctadecane

310 (100) [M], 311 (23)
[M+1]

6,11,15,19 — 43 (7) 334 (60) [M-18] 352 No data available
9 | pentamethyleicosan-2- (100) [M]
one
10 2,6,10,15,19- 43 (15) 380 (100) [M] No data available
pentamethyldocosane

2,6,10,15,19,23-
hexamethyltetracosane
(squalane)

43 (18) 422 (100) [M]

No data available

‘Ref. 116

The EI and FI (and previous work CI) techniques are used here as complementary

methods.
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3.4 Discussion

This work reports results from the autoxidation of squalane. A significant number
of the products identified from squalane autoxidation are ketones and alkanes, which
are smaller and more volatile than squalane itself. These products are associated with
the decomposition via beta-scission of the tertiary alkoxyl radicals (2-squaloxyl, 6-
squaloxyl and 10-squaloxyl) in a similar way to pristane. An example of the 6-
squaloxyl radical cleaving between carbons 5 and 6 is shown in Figure 3.5, reaction

[3.6], this decomposition forms a fragment methyl ketone and a primary alkyl radical.

M
(6] .
Product 3

\ + RH[3.7]

W

Figure 3.5: Mechanism of ketones and alkanes formation from squalane.

Similarly, as for a pristane study, the significant proportion of these primary alkyl
radicals does not add oxygen, but abstract the hydrogen to form fragment alkanes

instead. (See, for example, reaction [3.7]).

The summary of initial radical attacks, by which all these squalane autoxidation

products are formed are shown in Table 3.5.
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Table 3.5: Products formed during the autoxidation of squalane with the carbon initially

attacked given.

;ffk Product f;l(;liitlolxyl Reactions
1 Propanone 2-squaloxyl [3.6]
2 2-methylpentane 6-squaloxyl [3.6], [3.7]
3 6-methylhept-2-one 6-squaloxyl [3.6]
4 2,6-dimethylnonane 6-squaloxyl [3.6], [3.7]
5 6,10-dimethylundecan-2-one 6-squaloxyl [3.6]
6 2,6,10-trimethyltetradecane 10-squaloxyl [3.6], [3.7]
7 7,11,15-trimethylhexadecan-2-one 10-squaloxy]l [3.6]
8 2,6,10,15-tetramethyloctadecane 6-squaloxyl [3.6], [3.7]
9 6,11,15,19-tetramethyleicosan-2-one 6-squaloxyl [3.6]
10 2,6,10,15,19-pentamethyldocosane 2-squaloxyl [3.6], [3.7]

The reference oxidation products were quantified using an effective carbon number
technique,''” (described in Appendix A) and all results of which are summarised in
Table 3.6. Comparing concentrations of fragment alkanes and ketones formed at 170 °C
the ratio was approximately 1:5 for 2-squaloxyl, 1:1 for 6-squaloxyl and 1:2 for 10-
squaloxyl site attack.

Table 3.6: Concentration of alkanes and ketones formed by squalane oxidation at 170 °C

(for ca. 10 min.) in the bench-top reactor depended on carbon number.

Peak | Carbon Concentration Peak Carbon Concentration
No. | number (mol dm™) No. number (mol dm™)

1 C; — ketone 1.12E-02 6 C,7 - alkane 1.37E-03

2 C¢ — alkane 4.12E-03 7 Co - ketone 3.38E-03

3 Cg — ketone 1.80E-03 8 C,, - alkane 1.87E-03

4 C,; —alkane | 2.28E-03 9 C,4 -ketone 2.69E-03

5 C,3; —ketone | 2.41E-03 10 C,; - alkane 2.30E-03
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Squalane has fragmentation products clearly formed in a similar manner to pristane.
As it is less volatile than pristane it is also a more useful as a chemical model
of lubricant base fluids, thus allowing oxidation at higher temperatures than pristane.
Furthermore, the larger oxidation products, such as 6,11,15,19-tetramethyleicosan-2-
one and 2,6,10,15,19-pentamethyldocosane, are easily identifiable by GC and are
relatively unreactive and involatile, thus are useful markers for identifying the early

stages during the oxidation of squalane, for instance when inhibited by antioxidants.

Analysis of ketones and alkanes from the autoxidation of squalane shows a similarity
of products formation when compared with the previously studied smaller branched
alkane, pristane. Therefore, other products which form from the autoxidation of
squalane, such as: alkenes, alcohols, acids and lactones, which have not been identified
in this work, possibly form in the similar way as for pristane. The GC-FID trace of
oxidised squalane (Figure 3.10) also showed some significant peaks after the squalane,
which are possibly the tertiary alcohols from squalane. However those were difficult to
analyse by GC MS EI, and future work should possibly use softer CI analysis to
identify squalane alcohols, as this technique was successfully used in the pristanols

identification.
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3.5 Conclusion
Understanding the liquid phase oxidation of squalane is crucial in future lubricant
degradation studies and investigating its oxidation products is a very sensitive way

of monitoring degradation of the parent molecule.

Squalane products have been indentified (Table 3.5) and quantified (Table 3.6)
and the reaction mechanism for their formation compared to previous work on pristane
(Figure 3.5)."” The concentration of ketones and alkanes was monitored; this
information can be used to calculate the rate of oil degradation and give the indication

of how much base fluid is reactive.

In previous work on the autoxidation in the liquid phase of pris‘[ane,135 (a branch chain
alkane smaller than squalane) Wilkinson also proposed a chemical mechanism
for the formation of fragments (other than ketones and alkenes) such as: alkenes,
alcohols, acids and lactones, these reactions can also explain the autoxidation

10
of squalane.'”’

Ketones, significant products of squalane oxidation, identified previously using GC-MS
CI by Alfadhl,''® were also used in this study to explain the mechanism of alkanes

formation.

The large fragment ketones and alkanes identified can be used as very sensitive markers

for the onset of breakdown due to autoxidantion of squalane.
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Chapter 4: Reaction of Phenolic Antioxidants
with NO, at Elevated Temperature

4.1 Introduction

In this chapter the reaction of a phenolic antioxidant, octadecyl 3-(3,5-di-tert-butyl-4-
hydroxy-phenyl) propanoate (abbreviated here to OHPP), (BASF, Irganox® L107) ,
Figure 4.1, with 1000 ppm NO; in N, has been investigated at 180 °C, a temperature

representative for engine piston ring pack conditions.

HO O—(gH37

Figure 4.1: Structure of the commercial phenolic antioxidant octadecyl 3-(3,5-di-tert-

butyl-4-hydroxy-phenyl) propanoate (OHPP), BASF Irganox® L107.

To support the analysis of products formed from OHPP, an additional phenolic
compound was investigated, 2,6-di-tert-butyl-4-ethylphenol (EthPh), shown

in Figure 4.2.

HO

Figure 4.2: Structure of 2,6-di-tert-butyl-4-ethylphenol (EthPh).
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4.2 Previous Studies on NO, + Phenolics

143-14
314 and

Engine lubricants are comprised of complex mixture of components,
commercial phenolic antioxidants, such as octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-
phenyl)propanoate (OHPP), play an important role in improving the oxidative

resistance of engine lubricants.

Previous work on the liquid-phase reactions of substituted phenols with NO, identified
nitrophenols and nitrocyclohexadienones as the major products of reaction ¥%*!46-148
However different reaction conditions were studied, for example: polar solvents or low
temperatures; therefore these studies are not ideally representative of engine conditions,
where lubricants are non-polar and the temperatures in the piston assembly can reach

180 °C. Therefore more work needs to be carried out to understand the behaviour of

phenolic antioxidants in lubricant base fluids with NO, at piston ring pack conditions.

In fact, there have been a number of nitration mechanisms proposed; unfortunately,
most of these lack detailed chemical analysis to support the proposed mechanisms and
refer to an early detailed study, by Brunton et al. in 1979,% of the reaction of 4-methyl-
2,6-di-tert-butylphenol (BHT) with 1 bar of NO, under oxygen free, room temperature
conditions, Figure 4.3. The initial product of this mechanism was 4-nitro-4-methyl-2,6,-
di-tert-butyl cyclohexadienone, formed from NO, addition to the 4-methyl-2,6-di-tert-
butylphenoxyl radical, itself formed by the abstraction of the phenolic hydrogen atom
by NO,, reactions [4.1] and [4.2]. Subsequently, further reactions included the addition
of NO; to double bonds which occurred with the formation of nitro-nitrite and nitro-

alcohol compounds.
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OH [4.1] o’ OH
+ ‘NO:
-HONO c
|

NO» + | [4.2]

O
><§b>< —> further nitration
NO2

Figure 4.3: Brunton’s mechanism for the reaction of phenolics with NO,.**

More recently, engine lubricant degradation studies based on the reaction of nitrogen
dioxide in the air with a phenolic antioxidant by Johnson et al. in 1991,"*® proposed
similar chemical mechanisms for the reaction of a phenolic antioxidant (2,6-di-tert-
butyl-4-methylphenol) with NO,, Figure 4.3, despite the experimental conditions being
noticeably different to Brunton’s studies (for example the reaction was carried out
in presence of oxygen, at the higher temperature of 160 °C and in the non-polar
solvent of n-hexadecane) and a lack of chemical analysis of the products formed from

the reaction.

Astolfi et al. in 2005,” studied the effect of solvents on the reaction of nitrogen dioxide
with substituted phenols (R = hydrogen or tert-butyl group in Figure 4.4) at room
temperature and proposed a more complex mechanism than Brunton et al, and which
was based on the effects of solvents, such as: benzene, methanol and dimethyl sulfoxide
(DMSO), and NO, mesomeric structures.®” Despite different solvents being used,

the dominant reaction was nitration of phenolics with NO,. The other reactions
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observed were oxidation, dimerisation and nitrosation. The reaction mechanism
reported by Astolfi et al.”* is summarised in Figure 4.4. The initiation step is the same
as for Brunton’s mechanism, but further reactions show a variety of possibilities.
In reactions [4.3] and [4.4], the authors proposed the addition of NO, to the phenoxyl
radical in two different ways, due to the NO, mesomeric structures effect, described
in Chapter 1. The predominant route suggested was the coupling of phenoxyl radical
with nitrogen atom of NO, with the formation of 4-nitrocyclohexa-2,5-dienone, which
then rearranges to nitrophenol, reaction [4.3]; with a secondary pathway involving
coupling with the oxygen atom of NO,, reaction [4.4], which then rearranges to quinone

in polar solvents (reaction [4.5]).

tBu
[4.3] tBu
+°NO2
(0]
tBu tBu

1|{ 0
tBu tBu [45] tBu tBu
—_—
-NO
-R o
0 0]
o tBu
tBu tBu ‘
O [4.6] ‘ [4.7]
. B |
: O (]
tBu
o) O

Figure 4.4: Astolfi’s mechanism for the reaction of phenolics with NO,.>*

In reactions [4.6] and [4.7], the diphenoquinone formation was proposed by the
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dimerisation of phenoxyl radicals obtained from di-tert-butylphenol (R = hydrogen).

Previous studies were not ideally representative of engine conditions, where lubricants
: : o~ 83.94,146-148

are non-polar and the temperatures in the piston assembly can reach 180 °C,

therefore more work needs to be carried out in order to understand the behaviour of

phenolic antioxidants in the lubricant base fluids at piston temperatures. Consequently,

a study of phenolic antioxidants (mainly commercial, octadecyl 3-(3,5-di-tert-butyl-4-

hydroxy-phenyl)propanoate) with NO, was undertaken at 180 °C and a detailed

qualitative and quantitative products analysis was performed.

4.3 Results and Discussion

The reaction of the commercial antioxidant (OHPP) with NO, was undertaken in a
reactor as described in the experimental chapter. The initial oil volume was 7.0 = 0.1
cm3, with a starting antioxidant concentration of 8.0 x 10~ mol dm'3, 0.5% (w/w),
which was representative of real engine lubricant formulations. The base oil was
squalane (SQ) [99 % purity], which has chemical and physical properties similar to
commercial base oils, but was easier to analyse, details in Chapter 3."° The reaction
temperature was 180 = 1 °C and the pressure 1050 + 10 mbar. The reaction gas
contained 1000 £ 40 ppm of NO, in nitrogen and the flow rate was set up to
approximately 50 + 2 cm’ min”. NO, gas was dissolved in the model lubricant by

stirring at 600 rpm using a magnetic stirring bar. Liquid samples (~0.5 cm’) were

extracted during the reaction and analysed.
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4.3.1 Product Identification by GC-FID

Samples taken during the reaction were analysed by GC-FID; results are shown
in Figure 4.5. During the reaction, the antioxidant (OHPP) and an intermediate formed
from it protected the base oil (SQ) from nitration. When both were consumed, base oil

nitration products started to form, as described in the following sections.

s 7 s,
ket P | I i Antioxidant Il ]
) e v NP
- ™| [
2 o Squalane ; vy ||= noN%
: 0 min e W 1 N - _l/_,._ lj
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Figure 4.5: GC traces 0-240 min. of products formation from the reaction of OHPP in
squalane with NO, at 180 °C.

Antioxidant depletion and the formation of an intermediate formed from the antioxidant

were plotted as a function of concentration and reaction time, Figure 4.6.
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Figure 4.6: OHPP and intermediate (left hand axis) protecting the base oil from nitration
up to 135 minutes. When both are consumed squalane nitration products form (right

hand acxis).

The GC quantified results show that approximately 40 % of OHPP had reacted by 15
minutes, with approximately 50 % of the reacted antioxidant accounted for by the
formation of the intermediate, which demonstrates that the reaction of the antioxidant

with NO; to this antioxidant intermediate was significant.

4.3.2 Product Identification by High Resolution GC-MS FI and EI

The intermediate product was analysed by GC-MS FI and EI the detailed fragmentation
patterns of the antioxidant and its intermediate are shown in Table 4.1 (EI and FI

spectra in Figures C1-C4, Appendix C).
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Table 4.1: The accurate GC-MS EI and FI detail fragmentation patterns of phenolic

antioxidant and its intermediate formed from reaction with NO, at 180 °C.

Peak EI-MS m/z (relative intensity)(this work) FI-MS m/z
Assigment

57.062 (34), 68.988 (6), 219.175 (30), 220.179 (6), 515.491 | 530.475 (100) [M],
OHPP | (90), 530.515 (100), 531.517 (36), 532.520 (8) 531.487 (40) [M+1],
532.480 (7) [M+2]

57.062 (49), 69.063 (30), 83.079 (23), 97.095 (19), 130.987 | 528.458 (100) [M],
(10), 217.158 (8), 259.173 (12) 261.155 (25), 276.180 (9), | 529.461 (30) [M+1],
513.474 (40), 528.497 (100), 529.500 (39), 530. 502(7) 532.463 (4) [M+4]

Intermediate
Product

The accurate GC-MS FI analysis provided evidence for an antioxidant intermediate
with the formula '*Css'Hgo'%0; (the calculated molecular mass ion was 528.454;
measured 528.458 £ 0.005), which is two Daltons lower than the antioxidant (OHPP)
molecular mass ion (calculated m/z for 12C351H621603 530.470; found 530.475 + 0.005).
Two possible structures are immediately suggested for the antioxidant intermediate; the
first octadecyl 3-(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dien-1-ylidene)propanoate,
quinone methide (QM) and the second octadecyl-3-(3,5-di-tert-butyl-4-hydroxy-
phenyl)prop-2-enoate, hydroxy cinnamate (HCIN), which was identified previously as

113-149

the oxidation product of OHPP, structures Figure 4.7.

O— C;gHy; HO O—(i5H37

oM HCIN

Figure 4.7: Possible alternative structures of antioxidant intermediate; quinone methide

(QM) and hydroxy cinnamate (HCIN).

Various analytical techniques were used to help establish which of these two structures

was more likely to be the intermediate identified by GC.

Fragment mass ions were obtained from the high resolution GC-MS EI mass spectra.
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The characteristic mass ion fragment (Figure 4.8), of formula 12C151H21160+ (calculated
m/z 217.159; measured m/z 217.158 =+ 0.005) suggests that the structure
of the antioxidant intermediate is the QM. This can be compared to the equivalent
cleavage in the parent antioxidant OHPP mass ion fragment, 12C151H2316O+ (calculated
m/z 219.175; measured m/z 219.175 £ 0.005) and it can also be compared with
the equivalent (unlikely) fragmentation for HCIN of '“C;s'H»'°0" for which
the calculated mass of m/z 218.167 was not observed; this result supports

the identification of the antioxidant intermediate as the quinone methide, Figure 4.8.

OM, m/z 217 OHPP,m/z219 HCIN, m/z 218
ﬁ OH OH
| . . |

Figure 4.8: Characteristic EI fragmentation for QM, OHPP and HCIN.

To help with confirmation of the structure of the antioxidant intermediate another
quinone methide compound was synthesised: 2,6-di-tert-butyl-4-ethylidene-cyclohexa-
2,5-dien-1-one (QM1), (synthesis details in Chapter 2). This was also identified in the
reaction mixture of EthPh with NO, the detailled fragmentation patterns are in Table
4.2, (chromatogram and EI mass spectra in Figures C5 and C6, Appendix C). As can be
seen from Table 4.2, m/z = 217 is the most intense peak, and m/z 218 and m/z 219 are

absent.
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Table 4.2: GC-MS EI detail fragmentation patterns of antioxidant intermediate formed
from the reaction of EthPh with NO, at 180 °C.

Peak Assigment EI-MS m/z (relative intensity)(this work)

o 57.172. (49), 67.891 (10), 77.978 (23), 87.233 (15), 91.034 (23),
I 115.332 (20), 128.337 (26), 133.435 (30), 147194 (18), 161.089 (21),

175.115 (80), 189.129 (75), 203.151 (21), 217.159 (100), 232.184
(30), 233.265 (10)

Other supporting information was based on comparison to the synthesised hydroxy
cinnamate (synthesised at University of York by G. Moody), detailed fragmentation
patterns in table 4.3.

Table 4.3: GC-MS EI detail fragmentation patterns of synthesised HCIN.

Peak EI-MS m/z (relative intensity)(this work)
Assigment

57.171 (92), 68. 991 (72), 83. 222 (12), 99.037 (10), 130.334 (48), 147.193
(10), 166.174 (20), 187.246 (21), 219.173 (93), 232.434 (10), 259.171
(45), 261.150 (15), 276.171 (30), 513.435 (87), 528.460 (100), 529.465
(90), 530.468 (8)

HCIN

The accurate GC-MS EI fragmentation of synthesised HCIN shows fragment m/z
219.026 + 0.005,"° there was no m/z 218 possible fragmentation of HCIN, earlier
suggested in Figure 4.8. This proves that m/z 218 cannot be used as an indication of the

presence or absence of HCIN.

There was also no indication of m/z 217 fragment in the mass spectrum of HCIN, which
was observed for QM1 (Table 4.2) and OHPP intermediate (Table 4.1), supporting the
idea that the product of the reaction of OHPP with NO, is quinine methide, rather than

hydroxy cinnamate.
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4.3.3 Product Identification by UV-Vis

Colour development in samples taken during the reaction of phenolic antioxidant with
NO,; was partially attributed to the formation of reaction products of OHPP, Figure 4.9.
The colour of the samples between 15-135 minutes of reaction changed from bright
yellow to orange; at this time the reaction product from OHPP (observed by GC) was
formed as a result of trapping the NO; radicals to prevent degradation of squalane.
At 165 minutes, when all of the antioxidant and its intermediate were consumed, there
is a distinct change in colour, with the bright yellow colour being attributed to squalane

nitration products.

0 15 30 45 65 100 135 165 195 225 240

Figure 4.9: Colour development in samples 0-240min from reaction OHPP with NO, at
180 °C.

As the phenolic antioxidant, and also the intermediates formed from it, were found to be
UV-Vis sensitive, the UV-Vis absorption spectra of several reaction mixtures were

determined, Figure 4.10.
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Figure 4.10: UV-Vis spectra of all samples from reaction of OHPP with NO, at 180 °C.

The starting material absorption showed a maximum at approximately Apma.x = 280 nm,
characteristic for the phenolic antioxidant (OHPP), analysed previously by Klemchuk et
al. 1991." Samples extracted during the reaction containing intermediate product (as
demonstrated by GC) showed strong absorption at approximately Ayax = 305 nm, which

o : : - : - 113,149,151
was characteristic for quinone methide, compared with previous literature data.” >

QM has been previously mentioned in oxidation studies as a a transient intermediate in
the production of HCIN, but was not identified in previous studies and it was suggested
that it would be highly unstable,'’ which is in contradition to this work, where quinone
methide was identified as the main product obtained by the reaction of the antioxidant
with NO; (quantification by GC). Therefore, more invesitigation was undertaken using
UV-Vis, and the spectrum of a similar synthesised quinone methide, the 2,6-di-tert-
butyl-4-ethylidene-cyclohexa-2,5-dien-1-one (QM1), was obtained. The synthesised

126

QM1 (synthesis details in chapter 2) ©° showed the maximum absorption to be at
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approximately Admnax = 305 nm, while the mixture from the reaction of EthPh with NO,
containing 2,6-di-tert-butyl-4-ethylidene-cyclohexa-2,5-dien-1-one, showed also a

similar absorption at approximately Ap.x = 304 nm, Figure 4.11.

0.7 1

0.6 -

0.5 9 OH 0
8 04 -
[~
8 —_—
]
'E 0.3 1

EthPh Qam
0.2 4
------- EthPh,Amax =278 nm
¥ — QM1 reaction mixture, Amax =304 nm
01 4

====QM1 Synthesis, Amax = 305 nm

e —— e )

250 300 350 400 450 500
Wavelength [nm]

Figure 4.11: UV-Vis spectra of synthesised 2,6-di-tert-butyl-4-ethylidene-cyclohexa-2,5-
dien-1-one (QM1), reaction mixture with quinone methide intermediate (QM1) and

starting material (EthPh).

This result supports QM (from OHPP) identification as it shows that the characteristic

absorption at approximately 305 nm is similar for other quinone methides.

Analysis of another standard component, hydroxy cinnamate, shows UV-Vis absorption
at approximately Amax = 314 nm,'” which was compared with UV-Vis spectrum

of reaction mixture containg OHPP intermediate product, Figure 4.12.
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0.7 -

Amax=305 nm = — OHPP,Amax = 280 nm

— QM reaction mixture, Amax = 305 nm

0.6 -
----—— HCIN synthesis, Amax =314 nm

Absorbance

Wavelength [nm]
Figure 4.12: UV-Vis spectra of starting material with an antioxidant (OHPP) and reaction

mixture with intermediate (QM) comparing to model compound of hydroxyl cinnamate

(HCIN).

The UV-Vis analysis is consistent with QM formation, but does not completely exclude
the formation of HCIN, which has a weaker absorption and could be part of the broad
peak. Similar UV-Vis absorption have been observed using GPC UV-Vis analysis
(in Appendix C), which separates molecules due to their size and which showed that
the intermediate product (QM) is of a similar size to the antioxidant, and is not a dimer

(a possible structure suggested by Pospisil et al. during oxidation studies).113

4.3.4 Product Identification - 1D and 2D proton NMR (COSY, DOSY)

The proton NMR identification of the reaction mixture was based on comparison to the
model compounds (synthesied HCIN and QMI1) and it was also supported using
predicted 'H NMR spectra, obtained using ACD/I-lab "H NMR Prediction Software,

which spectra can be calculated to quoted accuracy of + 0.3 ppm for 'H NMR.
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Samples were primarily run on the 1D proton NMR and the characteristic chemical
shifts for both HCIN and QM were identified at 5 to 15 minutes of reaction; these

results are shown in Figure 4.13 (full range NMR in Figure C11, Appendix C).

am
HCIN/OQM
15 min
am
10min ’,
Smi au
" I
Omin
T v l LE Al T v ]’ L T L Al I' Ll T Ll T ‘[ T T Ll T ] T LJ Al Ll ]
8.0 7.5 7.0 6.5 6.0 [ppm]

Figure 4.13: High resolution 700 MHz 1D '"H NMR spectra of reaction mixture 0 to15 min.
(in CDCl;) with identified products from antioxidant depletion: HCIN = Hydroxy
Cinnamate and QM = Quinone Methide.

Two doublets & = 7.7 ppm (H, CH) and 6 = 6.3 ppm (H, CH) were identified as
characteristic for trans coupling (-CH=CH- double bond) of HCIN, whereas the
chemical shift at 6 = 5.5 ppm (H, CH at a carbon to the benzene ring) was identified as

characteristic for QM.

The identification of HCIN in the reaction mixture was based on a comparison to the
proton NMR of model compound (synthesised HCIN), which spectrum showed the
same two doublets at approximately 7.7 ppm and 6.3 ppm characteristic for trans

coupling, as in the reaction mixture, Figure 4.14.
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Figure 4.14: Proton NMR spectrum of hydroxy cinnamate (model compound), obtained

using Bruker 400 MHz (solvent CDCl;), synthesised at University of York by G. Moody.

These two doublets were also calculated for HCIN using prediction software (predicted
spectrum of HCIN Figure 4.15) which supporting the identification of hydroxy

cinnamate in the reaction mixture.
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Figure 4.15: Comparison of predicted HCIN spectrum, obtained using ACD/I-lab 'H

NMR Prediction Software, to 5 min. reaction mixture.



Interactions of Antioxidants with NOy at Elevated Temperature 91

The secondly predicted '"H NMR spectrum of quinone methide has been obtained,

in Figure 4.16.
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Figure 4.16: Comparison of predicted QM spectrum, obtained using ACD/I-lab "H NMR

Prediction Software, to 5 min. reaction mixture.

The characteristic chemical shift at 8 = 5.5 ppm in the reaction mixture showed

5.8 £ 0.3 ppm on the predicted spectrum, which supports the identification of QM.

To compare, 'H NMR of synthesised QM1 has been obtained with 6 = 5.6 ppm
chemical shift (showed 5.9 + 0.3 ppm on the predicted spectrum), and because of both

QM and QM1 have similar structures, this analysis also supports the identification of

QM.

All other chemical shifts characteristic for both, HCIN and QM, were reviewed,
however they were not very useful in differentiating between the two. For example,
the 6 = 7.4 ppm (predicted 7.6 + 0.3 ppm) chemical shift, was common to both

Hydroxy Cinnamate and Quinone Methide, details in Appendix C, Figures C12-C14.
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Peaks between 7.5 to 6.5 ppm, sample 0 min., correspond to phenol region, hydrogens

of benzene ring and quinone ring protons.

To determine the (OH) hydrogen of phenolic antioxidant the proton NMR is not a
particularly helpful technique, as this hydrogen can appear in a very wide range of
spectrum or sometimes cannot be seen at all, because it can H-bond or exchange with a

solvent.

2D 'H NMR DQF COSY and DOSY

Further qualitative analysis of the 10 minute sample by the 2D proton NMR (Figure
4.17), was undertaken using the double quantum filter correlation spectroscopy (DQF

COSY sequence).

Two doublets at 16Hz typical for trans coupling, HCIN

7 6 F1[ppm]

10

LONLIN ILUNLUNL UL LU UL LU L LN BB LB B |

1 1 |l‘l 1 T I I Ll lll I ! T 1 I I ] LI

8 7 6 5 F2[ppm]

Figure 4.17: High resolution 700 MHz '"H DQF COSY spectrum of 10 minutes sample
(in CDCl;), shows nearest neighbours diagonal and cross peaks of hydroxy cinnamate,

proves that two doublets (~16Hz typical for trans coupling) are in the same molecule.
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The COSY experiment was useful in the analysis of the nearest neighbours diagonal

153
and cross peaks,

and demonstrates that the two doublets at approximately 16Hz (a
value which is typical for trans coupling of alkenyl hydrogens) belonged to the same

molecule of hydroxy cinnamate, but that the peak at 5.5 ppm did not belong to the same

molecule as the doublets, consistant with it being a part of quinone methide.

The second 2D proton NMR analysis used the diffusion ordered spectroscopy (DOSY

sequence), Figure 4.18.
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Figure 4.18: High resolution 700 MHz 'H DOSY spectrum of 10 minutes sample

(in CDCl;), shows diffusion coefficient for Hydroxy Cinnamate and Quinone Methide

proves that both molecules are the same size.

This analysis showed a diffusion coefficient for both molecules and proved that both

molecules formed were the same size and similar to the starting antioxidant.
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4.3.5 Product Identification by GC-NCD

The analysis of the samples using GC x GC with nitrogen chemiluminescence detector
(NCD) shows that there were no nitrogenated compounds formed during the time when
the antioxidant and its intermediate were present, Figure 4.19. The chromatogram of the
45 minutes sample shows no products from nitration, the peak at approximately 3 min
(red marks on bottom left of 2D chromatogram) is associated with the nitrogen from

the air injected together with the sample.

1D GC
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1.6e+006 -
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let006
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Figure 4.19: 1D and 2D GC NCD chromatograms of 45 min. sample with not detected

nitrated products.
The 2D GC NCD technique was useful also in the analysis of squalane nitration

products which were observed after both the antioxidant and its intermediates were

consumed (example in Figure C11, Appendix C).
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4.3.6 Product Identification by ATR/FTIR
Analysis of the samples 0-135 minutes using ATR shows no changes to the spectrum,
this corresponds to the time when OHPP and its intermediate protect the base oil from

nitration, Figure 4.20.

¢
=]
. Bl
=]
e
=]
8
£3
z 8
£S
3
o
8
o
8
o
1600 1400 1200 1000 800
Wavenumber cm-1

Figure 4.20: FTIR results show no changes up to 135 min. Overlaid spectra of samples: 0 -

135 minutes.

The samples taken after 135 minutes showed an increase in frequencies typical for
nitration, such as: C-NQO,, two strong symmetrical and antisymmetrical stretching of

N-O bonds in the range of 1570-1540 cm™,"** Figure 4.21.
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Figure 4.21: Overlaid FTIR spectra of samples: 135 - 240 minutes shows nitrated base oil.
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To obtain more information on the antioxidant and its intermediate the 0 and 10
minnute samples were analysed using FTIR with the Specac Omni-Cell System with
CaF, windows (details in Chapter 2), which has a much larger effective path length than

ATR, and therefore allows a much smaller concentration of components to be detected,

Figure 4.22.
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Figure 4.22: FTIR spectra of starting material and 10 minutes reaction mixture recorded

in the thin layer cell (CaF,).

The spectrum of starting material showed antioxidant carbonyl absorption from
the ester group (C=0) at 1741 cm’', whereas the 10 minutes reaction mixture showed

a shift to a lower frequency, 1722 cm™, which is possibly is associated with olefinic

155

conjugation with ester characteristic for the intermediate. *° The 1653 cm’ absorption

was associated with (C=0) carbonyl stretching frequency and 1636 cm™ with (C=C),'”

which was studied previously for quinones. Similar absorption was obtained for the

model compound QMI.
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4.3.7 Summary of Antioxidant Intermediate Identification

Various analytical techniques, such as: GC-FID, high resolution GC-MS FI and EI,

UV-Vis (and also GPC with UV-Vis detector), 'H NMR and ATR/FTIR, have been

empolyed to establish the structure of an intermediate from the reaction of phenolic

antioxidant (OHPP) with nitrogen dioxide at high temperature engine piston conditions.

A short summary of the results is shown in Table 4.4.

Table 4.4: Summary of an intermediate product identification, from the reaction

of antioxidant (OHPP) with NO, at 180 °C.

Analytical . . Identification of
. Identification of
Technique/ . . Hydroxy Comments
Quinone Methide h

Solvent Cinnamate

GC-FID

(hexane) One peak on GC trace

GC-MS FI m/z 528.458 + 0.005; two possible structures (QM or HCIN)

(hexane)

GC-MS EI | m/z217.158 + i Supporting identification of

(hexane) 0.001 QM

UV-Vis Supporting 1dent1ﬁcat10n_0f

(DCM) 305 nm - QM, however not excluding
HCIN
Supporting identification of

GCP UV- QM,

Vis (THF) 305 nm 310 nm 310 nm possibly indicates
HCIN formation possibly
due to a polar solvent effect

'H NMR 5=55 Sn:d77 ppm Supporting identification of

(CDCls) - ppm both HCIN and QM

0=6.3 ppm

GCx GC Supporting the idea of non nitrated intermediate product from

NCD antioxidant (shows nitration of base oil when antioxidant and its

(hexane) intermediate have been consumed)

ATR Shows no nitration of base oil until antioxidant and its intermediate is

(no present, however when both consumed increase in frequencies (1570-

solvent) 1540 cm™) typical for nitration observed.

FITR

(Omni- 1653 cm-1 (Cio) 1722 cm-1 Supporting identification of

Cell) 1636 cm-1 (C=C) ~

: (C=0) QM,

(no From quinone

solvent)
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Results from all analysis support the identification of quinone methide in the reaction
mixtures, which was the dominant product of the reaction of OHPP with nitrogen
dioxide, in the early stage of the reaction. QM was stable in non-polar environment;
however it slowly reacted to HCIN in polar solvents. Therefore the analysis by GPC
and "H NMR, which used moderately polar solvents, such as: THF and CDCls, showed
the formation of both products, QM and HCIN. The analysis of the samples exposed to
daylight for a few days (at room temperature) also showed the formation of hydroxy

cinnamate.

4.4 Reaction mechanism

The reaction of hindered phenolic antioxidants (OHPP) with 1000 ppm of NO,
at 180 °C resulted in the formation of QM and then slow conversion to HCIN in polar
solvent, in contrast to previous work at lower tempera‘fures,82’83’147 which identified
nitrated antioxidant products. Therefore a novel, high temperature mechanism 1is

proposed as shown in Figure 3.

It is accepted that the reaction between phenolic antioxidant and gaseous NO, is
initiated by the hydrogen abstraction from the hydroxyl group by nitrogen dioxide,
reaction [4.1], as proposed by Brunton,* with the formation of phenoxyl radicals and
nitrous acid, where the phenoxyl radical is stabilised by resonance. Previous authors
who studied the low temperature mechanism suggested the addition of NO, to phenoxyl

radical (reaction [4.2]).%%1%
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Figure 4.23: Novel reaction mechanism of phenolic antioxidant (OHPP) with NO,.

The novel, high temperature pathway is illustrated in reaction [4.8], the direct

abstraction of the hydrogen by NO,. This mechanism has not been hitherto reported

previously as QM has not been previously identified as a product of reaction with

nitrogen dioxide. It is likely to be a comparatively slow reaction in comparison with

addition of NO,, which is likely to be barrierless; however, at elevated temperatures, the

abstraction could be dominant due to the addition of NO, being reversible, (this is

explained in detail in Chapter 5). Finally, the QM can re-arrange slowly to the second

observed antioxidant intermediate product HCIN in polar enviroment, reaction [4.9].
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4.5 Summary

In summary, the main products formed during the reaction of the hindered phenolic
antioxidant (OHPP) with NO; at 180 + 1 °C were quinone methide (QM), octadecyl 3-
(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dien-1-ylidene) = propanoate and hydroxy
cinnamate (HCIN), octadecyl-3-(3,5-di-tert-butyl-4-hydroxy-phenyl)prop-2-enoate,
neither containing —NO, groups, in contrast to previous work at lower temperature

where cyclohexadienone—NO, adducts were the main products observed.

Primarily, quinone methide has been identified, which then can react slowly to form
another previously unidentified product of reaction with NO,, a hydroxy cinnamate.
Observation of these products is in apparent contradiction to previous studies on this

reaction, which observed the formation of nitro phenols.

A novel reaction mechanism is proposed to account for this change in mechanism with
temperature, which is explained in more detail in Chapter 5. The novel, high
temperature reaction mechanism is the direct abstraction of the hydrogen from the
phenoxyl radical by NO,, which led to formation of QM. This is likely to be a
comparatively slow reaction in comparison to the addition of NO,, which is likely to be
barrierless, but at elevated temperatures, the abstraction could be dominant due to the

addition of NO; being reversible.
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Chapter 5: Thermochemical calculations using

Gaussian Software

5.1 Introduction

The aim of this chapter is to improve the understanding of the reaction mechanisms
of phenolic antioxidants with NO, by the calculation of the bond dissociation energies
(BDEs), their reaction enthalpies, entropies and Gibbs energies and for compounds

discussed in Chapter 4, and an estimation of ceiling temperatures for their formation.

The experimental work reported in Chapter 4 was based mainly on octadecyl 3-(3,5-
ditert-butyl-4-hydroxy-phenyl) propanoate (OHPP) a commercial phenolic antioxidant,
and its interaction with NO, at high temperature piston conditions (180 °C).
The product identification shows the formation of a non-nitrated intermediate from
the antioxidant, in contradiction to previous work,**** which identified nitrated
phenolics. These nitrated phenolics were reported mainly for low temperature
conditions and only one author used a temperature as high as 160 °C."*® To explain
the phenomenon of non-nitrated products formation at 180 °C the themochemistry
of NO, addition to representative phenolic species was calculated, and all structures

examined are shown in Figure 5.1.
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OHPP EthPh TTBP BHT
%
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Figure 5.1: Structures of phenolic antioxidants; octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-
phenyl)propanoate (OHPP), 2,6-di-tert-butyl-4-ethylphenol (EthPh), 2,4,6-tri-tert-
butylphenol (TTBP), 4-methyl-2,6-di-tert-butylphenol (BHT).

The strenght of a bond is measured by its bond dissociation energy (BDE). defined here
as the energy required to separate the atoms to infinity'> and this information is crucial
for understanding reaction mechanisms. Unfortunately, the BDE for some key
compounds is unavailable in the literature and so computational methods need to be
employed to obtain this information. The bond strengths of relevance to this work were
the: C—NO, of nitroaromatics, O—H of phenolics, and C—H of non-aromatics, such as
quinone methide (QM) structures.

Choosing the appropriate computational technique and level of theory is crucial
to achieve an acceptable level of accuracy of calculated thermochemical quantities,
therefore the standard deviation for different methods and model compounds, for which
experimental bond strenght were known, were reviewed. Moreover the calculation time,
which took up to a few days for the computer to run for large molecules (e.g. M =530 g
mol™), needs to be recognised. Primarily, the recommendation by Foresman et. al.
1996,"" as the best hybrid functionals, the B3LYP and B3PW91 methods were
considered. Secondly, the literature on the prediction of thermochemical information for
nitroaromatic and phenolic compounds, which used Gaussian software with density

functional theory (DFT), was reviewed.'>* %
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As nitroaromatic compounds play an important role as explosives, knowledge
of the bond dissociation energies is the most fundamental property in this industry and

so has been studied in detail, by Shao et al. 2006.'7%16

To obtain the experimental BDE
of some nitro aromatic compounds is very difficult, because they are very unstable and
hard to synthesize. Previous studies of the energies of cleavage of C—NO, bonds for
nitroaromatic molecules using DFT with different correlation functionals and basis set

are shown in Appendix D, Tables D1-D3.!5%1%

This review compared the effectiveness
of different hybrid density functional methods (the B3LYP, B3PWO91, B3P86) with the
basis sets, such as: 6-31G** [6-31G(d,p)], 6-31+G** [6-31+G(d,p)] and 6-311G** [6-
311G(d,p)] and compared results with the experimental data of BDEs of various
nitroaromatic compounds. Primarily, using 6-31G(d,p) basis set, different methods were
compared: the B3LYP, B3W91 and B3P86 methods, which gave the average absolute
differences of 1.51, 0.88 and 3.06 kcal mol™ (6.3, 3.7 and 12.8 kJ mol™), respectively.
The best result was obtained using the B3W91 method. This method was also
recommended by Foresman ez. al for final, accurate energy calculations, for example
for bond energies."” Secondly, using the higher level basis set, the 6-31+G(d,p) the best
result was obtained with B3P86 method, giving a mean absolute deviation of 1.70 kcal
mol™ (7.1 kJ mol™). Finally, using the 6-311G(d,p) basis set, which was the highest

level of theory used by Shao, the best result gave the B3P86 method with a mean

absolute deviation of 1.16 kcal mol™ (4.9 kJ mol™).

Summarising all previous results, the B3W91/6-31(d,p) and B3P86/6-311G(d,p)
methods gave the best results for BDE of nitrocompounds with the lowest mean
absolute deviations of 0.88 kcal mol™ and 1.16 kcal mol™ respectively and would give
an acceptable level of accuracy for studies of the nitroaromatics discussed in Chapter 4.

Unfortunetaly, the B3P86 method is not available using the software chosen for this
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work, Gaussian 09, therefore a similar method, the BPV86, was tested before deciding

on the method.

The second type of BDE reviewed was the O—H bond, which was important for
hydrogen abstraction from phenolics. The literature predictions of O—H bond
dissociation energy for model molecules, such as: H,O (water), CH;OH (methyl
alcohol) and PhOH (phenol), which used the B3LYP and the (RO)B3LYP methods
with the 6-311G(d,p) and 6-311++G(2df,2p) basis sets are shown in Appendix D, Table
D4.'! Comparing basis sets the 6-311G(d,p) with the 6-311++G(2df,2p), better results
were obtained using the higher basis set 6-311++G(2df,2p). However, comparing the
two methods B3LYP and (RO)B3LYP, the mean absolute deviations were very similar.

The main advantage was the computational time, which favoured the B3LYP method.

Other authors compared different basis sets with the B3LYP method using

162 The result most

the dissociation of water as an example, Appendix D, Table DS5.
comparable to experimental data was obtained using the lower basis set 6-31+G(d) or
next favoured 6-311G(d,p) higher basis set. The same authors using the 6-31+G(d)
basis set to compare different methods, Appendix D, Table D6. This revision shows that
the best method for energy prediction for water dissociation was the BLYP/6-31+G(d),
the result of which was 119.0 kcal mol”, essentally identical with experimental data.
The second best was B3LYP/6-31+G(d) with only 0.5 kcal mol™ (2.1 kJ mol™") mean
absolute deviation from the experimental value. Based on a literature review of both
C—NO, and O—H BDE’s predictions it was not possible to decide which method and

basis set would be the best for both phenolics and nitroaromatics, therefore the best

results were selected and pre-testing of different methods and basis sets was performed.
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5.2 Method Development

Prediction of the thermochemical values in this work were obtained using Gaussian 09
software. The level of theory was decided based on the best results of BDE obtained
for model molecules compared to experimental data and relatively short calculation

time.
5.2.1 Testing the Model for the Level Theory

To choose the best computational method for study the thermochemical properties of
both phenols and nitroaromatics, pre-testing of various DFT methods was performed.
The selected methods were the B3LYP, B3PW91 and BPV86 combined with the most

effective basis sets, based on the literature review.

In the thermodynamic calculations the bond enthalpies should be used instead of the

1% therefore in this chapter the bond dissociation energies

bond dissociation energies,
for a species at standard conditions (298 K and 1 bar) will correspond to the bond
enthalpies, which could be defined as the reaction enthalpies of the bond homolysis
reactions and are dependent on the standard enthalpies of formation of products and

reactants. 163

The bond dissociation energies of representative molecules: nitrobenzene
(C¢Hs—NO,), phenol (PhO—H), 2,6-di-tert-butyl-4-methylphenol (BHTO—H) and
nitrous acid (H—ONO), were calculated using computed energies (the standard

enthalpies of formation, A#°(X)) and compared with experimental data, Table 5.1. The

BDEs were calculated using expressions:
BDE (CeHs—NOy) = AdH’ (CeHs) + A’ (NOy) - Ad” (CsHsNO,)

BDE (PhO—H) = A/H° (PhO) + AH° (H) - AH°® (CeHsOH)
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BDE (BHTO—H) = A/#° (BHT-O) + A/H° (H) - A/H® (BHT)

BDE (H—ONO) = A/H° (ONO) + AA° (H) - A/H° (HONO)

Table 5.1: The homolitic bond dissociation enthalpies of CiHsNO,, PhOH, BHT and

HONO calculated using different methods and basis sets.

BDE [kJ mol] M.
Method and basis set abs.
CsH:—NO, | PhO—H | BHT(O—H) | H—HONO | dev.*
DFT B3LYP/6-31G(d,p) | 307.6 (11.6) | 375.2 (2.6) | 3313 (10.3) ?1329 '16) 9.2
DFT B3LYP/6-31+G(d) | 299.6 (3.6) |361.6(11) |312.7(28.9) | 328.2(0.7) | 11.1
DFT B3LYP/6-311+G 313.9(17.9) | 363.0 (9.6) | 317.2 (24.4) ?1307 f) 15.6
DFT B3PW91/6-31G(d,p) | 309.4 (13.3) | 377.5 (4.9) | 336.8 (4.8) |331.6(4.0) |6.8
DFT B3PW91/6-311+G | 319.8 (23.8) | 363.9 (8.7) | 316.4 (25.2) | 328.5(0.9) | 14.7
DFT BPV86/6-31+G(d,p) | 296.7 (0.6) | 381.4(8.8) |340.9(0.7) |334.0(6.4) |4.1
DFT BPV86/6-311G(d,p) | 293.7 (2.3) |379.9(7.3) | 338.1(3.5) |327.2(0.3) |3.4
Experimental/Calculated® | 296.1 +4* 362.8 £2° | 341.6+8" 3309+1° |37

Values in the round brackets are the mean absolute deviation from computed BDE for experimental one.
“Ref.164, "Ref.165, “Ref.166, 167, 168

M. abs. dev. — Mean Absolute Deviation (the experimental value the average of standard errors)

Based on the above comparison, the best method for predicting both O—H of phenolics,
C—NO; of nitroaromatics and O—H of nitrous acid was the DFT BPV86/6-311G(d,p)
with the mean absolute deviation calculated to be approximately 3.4 kJ mol™, which
predicts values that are in fact comparable to the accuracy of the experimental results.'®
The BPV86 method (Becke style, which uses Perdew’s 1986 functional with local

correlation replaced, as suggested by Vosco)”’

was used for both geometry
optimisation and frequency calculations. This level of theory was accurate enough for
calculating the thermochemistry of phenolic antioxidants and their products from

reactions with NO,, and the computational time was acceptable, taking up to three days

for the largest molecule examined, on the PC used (details in Chapter 2).
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The example of calculation of the change in reaction enthalpy, Gibbs energy and
entropy based on the thermochemical values computed using Gaussian for nitrobenzene

are shown in Appendix D, Tables D7-D8.'"

5.3 Results

Primarily the thermochemical values for the reaction of nitrogen dioxide when added to

different phenolic species were calculated.

5.3.1 Thermochemistry calculations of selected Phenoxyl—NO, adducts
BHT—NO,
Previous work suggested the addition of NO, to phenoxyl radical from 4-methyl-2,6-di-

tert-butylphenol (BHT) at room temperature, by Brunton et al. 1979,* reaction [5.1].

0]

[5.1]

+ NO»y ——

Figure 5.2: Reaction [5.1] of NO, addition to phenoxyl radical from 4-methyl-2,6-di-tert-
butylphenol (BHT).*

The optimised geometry of BHT-NO; adduct is shown in Figure 5.3.
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Figure 5.3: Optimised geometry of BHT—NO, using BPV86/6-311G(d,p) method (Output

File).

The thermochemical values were obtained for reaction [5.1] using Gaussian, details

Appendix D, Table D9.The enthalpy, Gibbs energy and entropy were calculated, as

previously for nitrobenzene, (results in Table 5.2).

Table 5.2: Calculated changes in enthalpy, Gibbs energy and entropy for reaction 5.1, at

standard temperature and pressure.

AH’(298K) [kJ mol™]

AG°(298K) [kJ mol]

AS?(298K) [J mol' K™

-67.8+3.4

-10.8+34

-191.0

The change in enthalpy for BHT—NO, formation was approximately —67.8 + 3.4 kJ
mol !, which showed that this reaction was exothermic (the error quoted here is the
mean absolute deviation for this method from Table 5.1). The negative Gibbs energy

—10.9 + 3.4 kJ mol ' proved that the forward reaction is favourable and this reaction is

spontaneous at standard temperature and pressure.
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BHT—ONO

In addition to the usual C—N bond formation, Astolfi have suggested addition of NO, to

phenoxyl radical through the oxygen atom at room temperature,” reaction [5.2].
9 0

| [5.2]

Figure 5.4: Reaction [5.2] of NO, addition trough the oxygen atom to phenoxyl radical
from 4-methyl-2,6-di-tert-butylphenol (BHT).*

The optimised geometry of BHT—ONO adduct is shown in Figure 5.5.

Figure 5.5: Optimised geometry of BHT—ONO using BPV86/6-311G(d,p) method (Output

File).

The thermochemical values for reaction [5.2] are presented in Appendix D, Table D10.

The calculated enthalpy, Gibbs energy and entropy results are shown in Table 5.3.
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Table 5.3: Calculated changes in enthalpy, Gibbs energy and entropy for reaction 5.2, at

standard temperature and pressure.

AH?(298K) [kJ mol™] AG°(298K) [kJ mol™] AS(298K) [J mol K]

-51.5+34 34 £34 -184.2

The Gibbs energy was essentially zero 3.4 + 3.4 kJ mol™' that suggested the reverse
reaction proceeds spontaneously at standard temperature and pressure. The change in
enthalpy and entropy for BHT—ONO formation were negative A,.H°(298K) = —51.5 +
3.4 kJ mol™' and A,$°(298K) = —184.2 T mol™', hence irreversible BHT—ONO

formation will be possible only below 298 K.

TTBP—NO,

The TTBP (2.4,6-tri-tert-butylphenol) was studied previously by Davydov et al.1997,"*®

therefore the thermochemistry of the addition of NO, to TTBP—phenoxyl radical was

examined and is shown below, reaction [5.3].

Figure 5.6: Reaction [5.3] of NO, addition to phenoxyl radical from 2,4,6-tri-tert-
butylphenol (TTBP)."*#

The optimised geometry of TTBP—NO; adduct is shown in Figure 5.7.
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Figure 5.7: Optimised geometry of TTBP—NO; using BPV86/6-311G(d,p) method (Output

File).

For reaction [5.3] the thermochemical values are shown in Appendix D, Table D11. The

enthalpy, Gibbs energy and entropy were predicted for this reaction, Table 5.4.

Table 5.4: Calculated changes in enthalpy, Gibbs energy and entropy for TTBP—NO, at

standard temperature and pressure.

AH’(298K) [kJ mol™]

AG°(298K) [kJ mol']

AS?(298K) [J mol'K ]

-78.8+3.4

-18.8+34

-201.1

The enthalpy change for TTBP—NO, formation was —78.8 + 3.4 kJ mol ', which

suggested that this reaction is more exothermic; than BHT—NO, by 11 kJ mol ', The

negative A,S” and A,H° shows that this reaction is spontaneous at standard temperature

and pressure.
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EthPh—NO,

The addition of NO, to the phenoxyl radical from 2,6-di-fert-butyl-4-ethyl-phenol
(EthPh) at room temperature was studied next, reaction 5.4.
o 0

| | [5.4]
. + NOy ——>
C

. °
N
/1
0]

Figure 5.8: Reaction [5.4] of NO, addition to phenoxyl radical from 2,6-di-tert-butyl-4-

ethyl-phenol (EthPh).

The optimised geometry of EthPh-NO, adduct is shown in Figure 5.9.

Figure 5.9: Optimised geometry of EthPh—NO, using BPV86/6-311G(d,p) method
(Output File).
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The thermochemical values were obtained for reaction [5.4] using Gaussian, as
previously for nitrobenzene, calculation details in Appendix D, Table D12, then the

enthalpy, Gibbs energy and entropy were calculated, Table 5.5.

Table 5.5: Calculated changes in enthalpy, Gibbs energy and entropy for reaction 5.4, at

standard temperature and pressure.

AH’(298K) [kJ mol™] AG°(298K) [kJ mol™] | AS°(298K) [J mol 'K

-66.7+3.4 -12.8+34 -180.7

The change in enthalpy for analogous EthPh—NO, formation was —66.7 + 3.4 kJ mol ",
which shows that this reaction is slightly less exothermic than for BHT—NO,; by 1.1 kJ
mol ", The Gibbs energy is negative (—12.8 + 3.4 kJ mol "), the forward reaction will
proceed spontaneously and it is more negative than for BHT—NO, by 2.0 kJ mol ', The
negative A,S” and A,H° shows that this reaction is spontaneous at standard temperature

and pressure.
Analogue of OHPP—NO,

The addition of NO, to analogue OHPP—phenoxyl radical is shown in reaction 5.5.

O 0]
[5.5]
| | + NOy ——
C O\\N
|
O
o X0o o Xo

Figure 5.10: Reaction [5.5] of NO, addition to phenoxyl radical from OHPP analogue.
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The analogue of OHPP, (with a C, chain, 16 carbons shorter than OHPP) was used in
Gaussian prediction to shorten the run time, but is not thought to influence significantly
calculated values. The optimised geometry of analogue OHPP—NO, adduct is shown in

Figure 5.11.

Figure 5.11: Optimised geometry of OHPP—NO; using BPV86/6-311G(d,p) method
(Output File).

For reaction [5.5] the thermochemical values are shown in Appendix D, Table D13. The

enthalpy, Gibbs energy and entropy were predicted for this reaction, Table 5.6.
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Table 5.6: Calculated changes in enthalpy, Gibbs energy and entropy for analogue

OHPP—NO, at standard temperature and pressure.

AH?(298K) [kJ mol™] A,G°(298K) [kJ mol™] AS?(298K) [J mol'K™]

-69.4+34 -20.0+£3.4 -165.8

The change in enthalpy for the analogue OHPP—NO, formation was —69.5 = 3.4 kJ
mol ', which suggested that this reaction is slightly more exothermic than for
BHT—NO, by 1.7 kJ mol . The Gibbs energy is negative —20.0 + 3.4 kJ mol ™', the
forward reaction will proceed spontaneously and it is more negative than for BHT—NO,
by 9.2 kJ mol™'. The negative A,S° and A,H° shows that this reaction is spontaneous at

standard temperature and pressure.

5.3.2 Thermochemistry calculations of selected Quinone Methides

Quinone Methide from EthPh (QM1)

The thermochemistry of the formation of 2,6-di-tert-butyl-4-ethylidene-cyclohexa-2,5-
dien-1-one (QM1) from 2,6-di-tert-butyl-4-ethyl-phenol (EthPh) at room temperature,

reaction [5.6], was studied.

+ HONO

Figure 5.12: Reaction [5.6] of the formation of 2,6-di-zert-butyl-4-ethylidene-cyclohexa-2,5-
dien-1-one (QM1) from 2,6-di-tert-butyl-4-ethyl-phenol (EthPh).

The optimised geometry of QM1 is shown in Figure 5.13.
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Figure 5.13: Optimised geometry of QM1 using BPV86/6-311G(d,p) method (Output File).

The thermochemical values were obtained for reaction [5.6] using Gaussian, as

previously for nitrobenzene, Appendix D, Table D14. Afterwards the enthalpy, Gibbs

energy and entropy were calculated, Table 5.7.

Table 5.7: Calculated changes in enthalpy, Gibbs energy and entropy for reaction 5.6 at

standard temperature and pressure.

AH?’(298K) [kJ mol™]

A,G°(298K) [kJ mol™]

AS?(298K) [J mol' K™

-65.0+3.4

-63.4+£34

-5.35

The change in enthalpy for QM1 formation was —65.0 + 3.4 kJ mol ™', which shows that

this reaction is slightly less exothermic than for EthPh—NO, by 1.8 kJ mol™". The Gibbs

energy is negative —63.4 + 3.4 kJ mol’', the forward reaction will proceed



Interactions of Antioxidants with NOy at Elevated Temperature 117

spontaneously and it is much more negative (by 50.6 kJ mol ') than for EthPh—NO,

formation.

Quinone Methide from OHPP (QM)

The second important reaction was the formation of octadecyl 3-(3,5-di-tert-butyl-4-
oxo-cyclohexa-2,5-dien-1-ylidene) propanoate (QM), from OHPP—peroxyl radical
reaction with NO;, (reaction [5.7]). This reaction thermochemistry is crucial to explain
the phenomenon of the formation of the non-nitrated quinone methide type product,

identified in detail in Chapter 4.

+ HONO

0~ o 0" X0

Figure 5.14: Reaction [5.7] of formation of octadecyl 3-(3,5-di-terr-butyl-4-oxo-cyclohexa-
2,5-dien-1-ylidene) propanoate (QM), from OHPP—peroxyl radical.

The optimised geometry of analogue QM is shown in Figure 5.15.
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Figure 5.15: Optimised geometry of analogue QM using BPV86/6-311G(d,p) method

(Output File).

For this reaction the thermochemical values are shown in Appendix D, Table DI5.

The enthalpy, Gibbs energy and entropy were predicted for this reaction, Table 5.8.

Table 5.8: Calculated changes in enthalpy, Gibbs energy and entropy for QM formation

at standard temperature and pressure.

AH?(298K) [kJ mol™]

AG°(298K) [kJ mol]

AS(298K) [J mol'K™]

-61.4+34

-59.9+34

-5.04
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The change in enthalpy for analogue QM formation was —61.4 + 3.4 kJ mol ', which
suggested that this reaction is less exothermic by 8.2 kJ mol ' than for analogue
OHPP—NO, adduct. The Gibbs energy is negative —59.9 + 3.4 kJ mol ', the forward
reaction will proceed spontaneously and it is more negative than for OHPP—NO,

formation; by 39.9 kJ mol™.

5.4 Discussion

Calculated reaction enthalpies, entropies and Gibbs energies of the formation of nitrated
phenolics and quinone methides, are useful in examining the reaction mechanism
presented in Chapter 4. A potential energy diagram was proposed for all phenolic
species studied here and the ceiling temperatures for the formation of nitrated and non-

nitrated products were predicted.
5.4.1 Potential Energy Diagram for Reactions of Phenolics with NO,

The enthalpies and entropies of formation of key species involved in the reaction
of NO; with phenolic compounds were calculated and four phenolic species were
examined 4-methyl-2,6-di-tert-butylphenol (BHT), ethyl-substituted butylated phenol
(EthPh), tri-tert-butylphenol (TTBP) and an ethyl analogue of octadecyl 3-(3,5-di-tert-

butyl-4-hydroxy-phenyl)propanoate (OHPP analogue).

The OHPP analogue values have been used to construct a potential energy diagram

for the system, which is representative for all studied phenolics, shown in Figure 5.16.
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Figure 5.16: Potential energy diagram of reactions phenolic species with NO,.

There are four reactions in the diagram, for which heats of formation need to be

considered. Firstly initiation, 1. e. hydrogen abstraction from the antioxidant by nitrogen

dioxide, the second is the addition of NO,; to the phenoxyl radical at low temperature;

the third is where the second weakest hydrogen is abstracted by NO, with the

formation of quinone methide and nitrous acid. The fourth reaction is the conversion of

quinone methide to hydroxycinnamate.

In the initiation step the Iliterature (O—H) OHPP bond dissociation energy

of 339.6 + 0.4 kJ mol" was used,'® which is taken as representative of all phenols.

The (O—H) BDE for different phenolic species was studied in this work and the

difference in predicted and experimental (O—H) BDE for all was approximately 1.9 kJ

mol” (Appendix D, Table D16). Therefore it is considered to be negligible, and OHPP

values are used here as an example.
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The literature (O—H) BDE of OHPP the 339.6 + 0.4 kI mol” and nitrous acid
of 330.9 + 1 kJ mol” have been used,'®" "% to calculate the enthalpy of initiation
reaction, which is positive 9 + 1 kJ mol”, and suggests that the reaction is slightly
endothermic; a similar value of 11 kJ mol” was calculated previously for sterically

hindered phenols by Denisov et al. 1995.""

To complete the first reaction, the activation energy of 17 + 5 kJ mol™, for the reaction
of phenolic hydrogen abstraction by NO,, measured by Davydov et al. in 1997 was

148
used.

Davydov’s experimental data for the rate constant against the temperature in Arrhenius
diagram (Figure 5.17) resulted in a straight line with an activation energy of E, = +17 +
5 kJ mol™”, which is higher than quoted in their paper (E, = 10 kJ mol'l). This
discrepancy in activation energies was due to Davydov’s error in calculations. The +17
+ 5 kJ mol™, calculated activation energy value is assumed for all phenolic species.
5.5 -
5.0 A

45 1 ¢

4.0 A

Ink [dm3mol!s1]

3.5 A

3-0 T T T T 1
2.5 2.7 2.9 3.1 3.3 3.5

1/T x 103 [K]

Figure 5.17: Arrhenius equation of the dependence of the rate constant In & on the

temperaturel/T for TTBP (previous studies).'*®

The second reaction, the formation of nitrated phenolics is a radical-radical termination,

which is therefore assumed here to be barrierless, as is the case with the addition


http://en.wikipedia.org/wiki/Rate_constant
http://en.wikipedia.org/wiki/Absolute_temperature
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of NO, to peroxyl radicals.””® The enthalpy of formation the OHPP—NO, adduct was
calculated to be —70 + 3 kJ mol”, using predicted thermochemical values from

Gaussian.

The third reaction was the formation of quinone methide by hydrogen abstraction from
the phenoxyl radical by NO,, which was slightly less exothermic, A,H° = —61 + 3 kJ
mol™, than for NO, addition. The activation energy for this reaction is unlikely to be
barrierless; however, comparing the relevant calculated C—H bond strength of the
phenoxyl radical with the comparable O—H bond strength in the parent phenol, Table
5.9, shows that it is considerably weaker at 79.3 £ 3 kJ mol'l, hence it is likely that the
activation energy for the third reaction is much lower than for the first reaction.
Therefore the activation energy measured for the overall reaction by Davydov is
assumed to be that for the initial abstraction (first reaction), with the barrier for (lower)

third reaction.

Previous studies of the difference between the O—H and C—H BDE in phenols,
suggested that the phenolic O—H bond is more likely to be attacked than C—H.'""">’
Therefore the energy difference for O—H and C—H BDE’s in OHPP were predicted in
Table 5.9. In general, the weakest bonded hydrogen from (O—H) will be abstracted

first, then next most favourable will be hydrogen at a carbon (C—H) and the last, the

hydrogen at the  carbon (C—H).
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Table 5.9: Comparison of experimental and calculated bond strengths for phenol O-H,

pheoxyl & benzyl-NO, adducts and C-H bond strengths for phenoxyl radicals.

BDE [kJ mol|
Phenolic
Calculated using DFT BPV86/6-311G (d,p) (this work)
OHPP(O-H) 341.3+34
OHPP (C—H) a carbon 378.5+34
OHPP (C—H) B carbon 405.6+34
(OHPP) phenoxyl-NO, 793 £3.4

One feature of the potential energy diagram is that the first reaction is endothermic,
hence the initial hydrogen atom abstraction from phenols by NO; could be reversible,
were it not for a fast reaction for the phenoxyl radicals of reaction with an additional
NO, molecule. The second feature is that the addition of NO, to phenoxyl radicals
(second reaction) is both slightly more exothermic than the competing hydrogen atom
abstraction reaction (third reaction) and is also barrierless. Therefore, at sufficiently low
temperatures, the addition of NO; (second reaction) will dominate over the hydrogen
abstraction by NO, (third reaction). However, the second reaction is not greatly
exothermic, so it is possible that at sufficiently high temperature the addition could

become reversible.

Finally, there was another product identified from further reaction of QM with NO,, the
octadecyl  (E)-3-(3,5-ditert-butyl-4-hydroxy-phenyl)  prop-2-enoate  (Hydroxy
Cinnamate, HCIN), which is formed by the rearrangement of the quinone methide with
the transfer of a hydrogen from the B carbon of the alkyl chain, which restores the
aromaticity. The formation of HCIN was more exothermic than the formation of QM
(by 35 + 3 kJ mol™), which is consisted with HCIN being formed from QM in polar

solvent.
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5.4.2 The Ceiling Temperature

The thermodynamic calculations given in the section above can be used to predict the
equilibrium constant of the reactions examined. In this section prediction of the ceiling
temperature are based on the example of equilibrium reaction [5.1] (the reaction of

formation of nitrated phenolics, where R is BHT):
R + NO, &= RNO,

For reaction [5.1], the calculated Gibbs energy was negative that suggests this reaction
is spontaneous at standard conditions (i.e. at 1 bar of NO, and 298K). The calculated
enthalpy and entropy changes were both negative, which indicates that the equilibrium
constant will be favourable at low temperatures, but that at high temperatures is not

favourable, and will have a noticeable reverse reaction.

In elementary applications, equilibrium constant can be expressed using for example:
molar concentrations [X] (as [X]/[X]°, where [X]° = 1 mol dm™) and the equilibrium

constant K is using subscript “c”” for the “concentration”,

[RNO,]

Ke = trimo,]

Equation 5.1

or the numerical values of partial pressures py (as px/px’, where px” = 1 bar), where the
equilibrium constant K, using subscript “p” for the “pressure”. At low overall pressures
(when gas cannot be treated as a perfect), the activities are represented using ratios of

partial pressures and the approximate equilibrium constant is expressed as:

__ (prNvo,/P%)  _ PRNO,P?
P r/P®)®no2/P®)  PRPNO2

Equation 5.2

These equilibrium constants interpreted as K. or K, are only approximations.
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In thermodynamic calculations the equilibrium constant K is expressed in terms of
activities and is called a thermodynamic equilibrium constant."”® For example, the
thermodynamic equilibrium constant for the heterogeneous equilibrium, reaction [5.1]

R'g) + NOx) +— RNOy, can be expressed as:

1
— _ ARNO 2(1) 1 .
K=alypnal a = = Equation 5.3
R(D NO2(g)ARNO2(1) CROAN02e) | N0 2(g) q
1

e 9

The thermodynamic equilibrium constant is dimensionless, because activities “a” are

156

dimensionless numbers. ~° Provided the nitrogen dioxide can be treated as a perfect

gas, the equilibrium constant can be written:

K=~ -2 Equation 5.4

Consequently, the ceiling temperature (7,.) can be calculated, as previously described
for oxidation studies by Benson,'’* and can be defined as the temperature at which the
rates of the forward and backward reactions will be equal (ks; = k.s;), so the
equilibrium constant, for the reaction [5.1] will be unity (K = ks ;/ k.5; = 1), and above

which the reverse reaction is favourable, e.g. Figure 5.18.
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340 350 360 370
T[K]

Figure 5.18: Equilibrium constant vs. temperature. Example of determination of ceiling

temperature for reaction R' + NO, < RNO; [5.1], when K=1.

The temperature dependence of the equilibrium constant (dimensionless) is taken from

the Gibb’s energy law, where at equilibrium (AG = 0):

AG =AG°’ + RT InK Equation 5.5
At standard conditions:
AG® = AH® - TAS® Equation 5.6
Combining equations 5.5 and 5.6:
—AG —AH® g
K = e(ﬁ) = e( RT )e( R ) Equation 5.7

With K =1, when T = T, therefore at standard pressure:

T. = — Equation 5.8

The ceiling temperature is pressure dependent and the correlation between the

temperature and pressure will play a crucial role in explaining the products of reactions.
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5.4.2.1 Pressure Dependence of Ceiling Temperatures

Previous nitration studies were performed at standard pressure (1bar NO;),83 4,146

whereas this work uses 1000 times lower concentration of NO; (0.001 bar = 1000 ppm),

therefore the effect of pressure on ceiling temperature needs to be calculated.

Combining equation 5.2 and 5.7 gives:

P’ _ e<_2?9)e(AisTe> Equation 5.9

i AS®  AH® .
ln( £ ) =X "I Equation 5.10

Finally, rearranging equation 5.10 gives equation 5.11 (where p°/pno2 corresponds to
[NO,], because the relation between the K, and K. equilibrium is proportional, K, =

K/RT):

AH® .
Tc = W(p’;’gz) Equatzon 5.11

Equation 5.11 gives the correction due to having a different pressure to the standard
pressure By using the subsequent AH° and AS® values the ceiling for reactions [5.1]-
[5.7] can be calculated, Figures 5.19-5.25. The importance of ceiling temperature is that
for given NO, pressure, it explains the change in observed products at different
temperatures and how the experiment temperature compares with the ceiling
temperature. The ceiling temperature was studied here to examine the apparent
irreversible addition of NO, to phenolics at low temperatures (I bar NO,), which

change to reversible at high temperature (0.001 bar NO,), as discussed in Chapter 4.
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5.4.2.2 Ceiling Temperature for NO, Addition

T, calculations for BHT* + NO, = BHT—NO,

The ceiling temperature for the liquid phase reaction of BHT radical with gaseous NO,
will be approximately 34 + 34 °C at 1000 ppm (0.001 mbar) of NO,,as shown in Table

5.10, (graphical in Figure 5.12), but 126 + 44 °C at 1 bar of NO,.

Table 5.10: Estimated Ceiling Temperature for reaction BHT +NO, =~ BHT—NO, at

Different Partial Pressures of NO,

ol Tempertr
[ppm] Tc [K]* T. [°C]*
0.00001 10 266 -7+£29
0.0001 100 285 12+32
0.001 1000 307 34 £34
0.01 10000 332 59 +£37
0.1 100000 363 90 £ 40
1 1000000 | 399 126 + 44
10 10000000 | 443 171+ 49

*mean temperature range
Nitrated BHT was identified previously by Brunton er al. 1979,* for a reaction
performed at room temperature and 1 bar NO,. Figure 5.19 shows the ceiling
temperature for BHT—NO,, which suggest that addition of NO, to BHT radical will

indeed be irreversible at room temperature.
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Figure 5.19: Calculated ceiling temperatures for BHT—NO, formation (the line) (this
work), compared to the experimental conditions 25 °C and 1 bar NO, used by Brunton (

the triangle) (previous studies), which product was nitrated BHT.

However in work reported here, experiments were performed at 180 °C and with
approximately 1000 ppm of NO,, which is significantly above the ceiling temperature
(34 £ 34 °C) for BHT—NO, formation. At these conditions, the addition to BHT radical
would be probably be reversible and this was proven with the identification of non-

nitrated, quinone methide products from EthPh and OHPP.
Addition through Nitrogen or Oxygen of NO,

Comparing BHT—NO, with BHT—ONO (Figure 5.20) where the difference is in the
addition of NO, radical through the nitrogen or oxygen atom (NO, mesomeric
structures),” the estimated ceiling temperature for BHT—ONO was approximately

59 °C lower than for BHT—NO..
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Figure 5.20: Ceiling Temperatures for BHT—ONO formation.

The mesomeric structures effect was studied previously by Astolfi et. al 2005,”* who
performed reactions at room temperature (1 bar NO,) and proposed a two-way

mechanism for both products of addition through the oxygen and nitrogen of NO,.

The ceiling temperatures for BHT—NO, and BHT—ONO is consistent with previous
thermodynamics calculations, which suggested that BHT—ONO was weaker bonded
that BHT—NO,,”* the calculation of ceiling temperature for BHT—ONO is shown in

Table 5.11.
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Table 5.11: Estimated Ceiling Temperature for reaction BHT + NO, + BHT-ONO at

Different Partial Pressures of NO,.

No:o. e oo
[ppm] T [K]* T. [°C]*
0.00001 10 214 -59 + 30
0.0001 100 230 -43+ 32
0.001 1000 248 -25+ 35
0.01 10000 269 -4+ 38
0.1 100000 295 22+ 41
1 1000000 | 326 52+ 46
10 10000000 | 363 90+ 51

*mean temperature range

Previous authors identified nitrated phenolics at room temperature (1 bar NO,); this
work supports existing results and will explain the ceiling temperature for the formation

of both possible products.
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T. calculations for TTBP*+ NO, = TTBP—NO,

The estimated ceiling temperature from Table 5.12 for TTBP nitration was

approximately 160 =42 °C at 1 bar of NO,, Figure 5.21.

Table 5.12: Estimated Ceiling Temperature for reaction TTBP +NO, — TTBP—NO, at

Different Partial Pressures of NO,

ol Tenpertr
[ppm] T [K]* T. [°CJ*
0.00001 10 294 21 £ 28
0.0001 100 314 41 £30
0.001 1000 337 64 +33
0.01 10000 364 91 £35
0.1 100000 396 123 + 38
1 1000000 | 434 160 £ 42
10 10000000 | 479 206 + 46

*mean temperature range

Kinetics and the mechanism of nitration of TTBP was studied previously by Davydov
et al.1997,'*® therefore the ceiling temperature was predicted in this work, in order to

compare with previous studies.
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Figure 5.21: Ceiling Temperatures for TTBP—NO, formation.

Result of the ceiling temperature calculations for TTBP supported Davydov’s

mechanism, suggesting nitrated TTBP formation at room temperature.

T, calculations for EthPh* + NO, = EthPh—NO,

Another important reaction was the nitration of 2,6-ditert-butyl-4-ethyl-phenol (EthPh),

the ceiling temperature prediction was plotted in Figure 5.22 (data Table 5.13).
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Figure 5.22: Calculated ceiling temperatures for EthPh—NO, formation (line) (this work),
compared to the experiment carried out at 180 °C and 0.001 bar (the dot), which

produced quinone methide (QM1) product from EthPh (this work).

The experimental result was plotted together with T, which was obtained using 1000
ppm NO; and 180 °C; under these conditions only a non-nitrated antioxidant product
was observed (quinone methide from EthPh, QM1) which is consistent with the
reaction conditions being above the ceiling temperature (at 1000 ppm NO,) of 42 + 35

°C, as shown in Figure 5.22.

Table 5.13: Estimated Ceiling Temperature for reaction EthPh' + NO, — EthPh—NO, at

Different Partial Pressures of NO,

G Lo
[ppm] Tc [K]* T. [°C]*

0.00001 10 272 -1+£30

0.0001 100 292 19 £33
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0.001 1000 315 42 £35
0.01 10000 343 70 £ 38
0.1 100000 376 103 +£42
1 1000000 | 416 143 +£47
10 10000000 | 465 192 +52

*mean temperature range

Finally, the EthPh result was compared with OHPP, a commercial phenolic antioxidant,

calculation below.

T, calculations for OHPP* + NO, == OHPP—NO,

Estimated ceiling temperatures for the reaction of the analogue OHPP radical with 1000
ppm of NO, (Table 5.14) with the formation of the nitrated product was approximately
76 £ 38 °C , which was below the experimental temperature of 180 °C at 1000 ppm
NO,, shown in Figure 5.23. This was consistent with product identification, where a
non-nitrated antioxidant product (quinone methide from OHPP, QM) was identified,

(details in Chapter 4).
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Figure 5.23: Calculated ceiling temperatures for OHPP—NO, formation (the line) (this
work), compared to the experiment conditions 180 °C and 0.001 bar (this work), which

produced quinone methide (QM) product from OHPP.

That explains why at 180 °C and 0.001 bar NO,, which is above the ceiling temperature

of nitration, the only product identified was the non-nitrated, Quinone Methide (QM).
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Table 5.14: Estimated Ceiling Temperature for reaction OHPP' + NO,” ~— OHPP—NO,

at Different Partial Pressures of NO,

e
[ppm] T [K]* T. [°CJ*
0.00001 10 298 25+32
0.0001 100 321 48 +35
0.001 1000 349 76 +38
0.01 10000 382 109 £ 41
0.1 100000 421 148 + 46
1 1000000 470 197 £ 51
10 10000000 | 531 258 £ 57

*mean temperature range
To obtain more information on quinone methides formation, further ceiling temperature
calculations were undertaken.

5.4.2.3 Ceiling temperature for Quinone Methides formation

The ceiling temperatures for formation of non-nitrated products from EthPh and OHPP
were predicted Tables 5.15 and 5.16, and were compared with experimental results in

Figure 5.24.
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Table 5.15: Estimated Ceiling Temperature for reaction EthPh' + NO, + QM1 + HONO

at Different Partial Pressures of NO,

N0, 1o, Gyl Tempersar
[ppm] Te [K]* T. [°C]*
0.00001 10 726 453 + 83
0.0001 100 896 623 £103
0.001 1000 1169 896 + 134
0.01 10000 1681 1408 £ 193
0.1 100000 2995 2722 + 344

*mean temperature range

The calculation of the ceiling temperature for QM was based on the reaction of
hydrogen abstraction by NO, from phenoxyl radical with the formation of a non-

nitrated quinone methide product.

Table 5.16: Estimated Ceiling Temperature for reaction OHPP  + NO, + QM + HONO

at Different Partial Pressures of NO,

No.No, Gyt Temperr
[ppm] T [K]* T. [°CI*
0.00001 10 693 420 + 84
0.0001 100 856 583+ 103
0.001 1000 1118 845+ 135
0.01 10000 1612 1339+ 194
0.1 100000 2888 2615 + 348

*mean temperature range
A comparison of the experimental results, where QM1 and QM were identified,

to estimated ceiling temperatures are shown in Figure 5.24.
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Figure 5.24: Calculated ceiling temperatures for QM and QM1 formation (lines)

compared to the experimental conditions (two experiments), which produced QM and

QMI.

The ceiling temperature for quinone methide formation from OHPP (at 1000 ppm NO,)
will be approximately 845 + 135 °C; this is the temperature below which the formation
of non-nitrated product (QM) will be spontaneous. This supports the product

identification presented in Chapter 4.
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5.4.2.4 Summary of T, Calculations

Results of ceiling temperatures for different phenolic—NO, adducts were similar and

shown increase of T, with a size of molecule, Figure 5.25.
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Figure 5.25: Estimated ceiling temperatures for nitrated BHT, EthPh and OHPP.

Therefore the overall ceiling temperature, for all nitrated phenolic species, was
estimated as approximately 51 + 57 °C (at 0.001 bar NO;) and compared to previous

and current experimental results, Figure 5.26.
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Figure 5.26: Comparison of previous experimental conditions (25 °C and 1 bar), which
produced nitrated BHT (the triangle) and current experiments (with EthPh, OHPP; at
180 °C and 0.001bar NO,), which produced quinone methides (the dot), to the calculated

ceiling temperature for nitrated phenolics (the line).

This summary (Figure 5.26) shows that the ceiling temperature for phenolic—NO,
adducts formation increases with increasing reaction temperature and pressure of NO,.
It supports experimental identification as it suggests that below T. (such as room
conditions, Brunton’s studies) nitrated products will form spontaneously and reaction is
irreversible, but above T, (e.g. 180 °C, engine ring pack conditions with low NO,
concentration, this study) nitration will be reversible and non-nitrated products will

preferably form.



142 Chapter 5: Thermochemical calculations using Gaussian Software

OH o}

O
o W
+ .NOZ — C : + H-ONO
-
Nitrous Acid
—0 —0 =0
(0]

O O

[ }I{ [ Phenoxyl

R . R __| Radicals
Phenolic Antioxidant

OH f0)
5
“ - |
C|> 0
R R
Hydroxy Cinnamate Ouinone Methide Nitrated Antioxidant

Figure 5.27: Proposed reaction mechanism based on product identification for the

reaction of 0.5% OHPP in squalane with 1000 ppm of NO, at 180 °C.

The ceiling temperature estimation helps to explain the temperature and pressure
limitations for OHPP—NO, formation (reaction 2), which is reversible above
76 + 38 °C (at 0.001 bar NO,) (reaction 3) and supports the novel reaction mechanism

of  formation of quinone methide (reaction 4) at 180 °C.
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5.5 Summary

Gaussian software 09 has been used successfully to explain the thermochemistry
of the reaction mechanisms of phenolic antioxidants with NO, under the piston ring
pack conditions (180 °C and 1000 ppm NO,) and supported the reaction mechanism

based on products identification, proposed in Chapter 4.

Four phenolic species were studied here octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-
phenyl)propanoate (OHPP), 2,6-di-tert-butyl-4-ethylphenol (EthPh), 2,4,6-tri-tert-
butylphenol (TTBP) and 4-methyl-2,6-di-tert-butylphenol (BHT), and two main
reactions were investigated; the addition of NO, to phenoxyl radical with formation of
nitrated phenolic and the abstraction of hydrogen by NO, from phenoxyl radical at o

carbon with the formation of the non-nitrated product, quinone methide.

The effect of the pre-testing of various density functional theory (DFT) methods
resulted in choosing the best DFT BPV86/6-311G(d,p) computational method for
studying phenols, phenol—NO, adducts and quinone methides. The decision was based
on comparison of predicted and experimental bond dissociation energies (BDE)
of model compounds with the mean absolute deviation calculated approximately

3.4 kJ mol" and relatively short calculation time.

Computed thermochemical values were used in calculations of enthalpies, entropies and
Gibbs energies and the overall energy diagram was proposed for NO, reactions with

phenolic species.

The estimated ceiling temperature for nitration of phenolics agrees with experimental
results and shows the temperature and pressure limitations for addition of NO;

to phenoxyl radical. Previous studies reported nitrated phenolics at room temperature
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(1 bar NO;), which is below the ceiling temperature predicted here for nitration,
calculated to be approximately 155 + 82 °C, so it agrees that at this conditions
the reaction proceeds spontaneously and irreversibly. Experimental studies (Chapter 4),
which were undertaken at 180 °C and 0.001 bar NO, are above the ceiling temperature
of formation of phenolic—NO, adducts, was calculated as approximately 51 + 57 °C
at 0.001 bar NO,, therefore under engine ring pack conditions, nitration will be
reversible and the non-nitrated (quinone methide) product will form, supporting the

novel reaction mechanism proposed in Chapter 4.
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Chapter 6: Reaction of Aminic Antioxidant with NO,

at Elevated Temperature

6.1 Introduction

The reaction of aminic antioxidants with NO, at high temperature, (i.e. engine piston
conditions) have not been previously studied in detail; however, aminic antioxidants
have been explored as oxidation inhibitors in engine lubricants and their interactions

with different radicals have been proposed, with details given in Chapter 1.'°>'"!73

Furthermore nitrogen dioxide has been used as a cheap reagent in chemical synthesis,
where reaction of diphenylamine with NO, have been studied at slightly elevated
temperatures in solvent-free environments and the dimeric product was reported,
reaction [1.93] in Chapter 1."'* Other characteristic products formed by the reaction of

amines with NO, were N-nitrosamines and N-nitramines.'”

This chapter shows the result of interactions of the commercial aminic antioxidant,4.4’-
Dioctyl Diphenylamine (DODPA), Figure 6.1, (BASF, Irganox® LO1) with 1000 ppm
NO; at 180 °C, the same conditions as previously studied for phenolic antioxidant in

Chapter 4.

Figure 6.1: Structure of the commercial aminic antioxidant; 4.4’-Dioctyl Diphenylamine

(DODPA), BASF Irganox”® LO1.
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Therefore, the work reported here is novel and complements the work described

in Chapters 4 and 5 on the reaction of phenolic antioxidants with NO,.

6.2 Results and discussion

6.2.1 Reaction Procedure

The reaction of the aminic antioxidant (DODPA), at concentration of 1.0 x 107
mol dm™ (0.5% w/w) in squalane, with 1000 ppm of nitrogen dioxide was undertaken
in a similar manner as described for phenolic antioxidant in Chapter 4. The reaction was
run until the antioxidant and its intermediates were consumed in their entirety. Reaction
mixtures were extracted frequently at: 0, 5, 10, 15, 20, 30, 45, 60, 75, 90, 120 minutes

and analysed by GC-FID, accurate GC/TOF MS (EI).

6.2.2 Product Identification using GC-FID

Examination of the reaction mixture (60 min. sample) by GC-FID showed seven
products (labelled here A, B, 1, 2, 3, 4 and 5), Figure 6.2, which formed from

interactions of aminic antioxidant with NO,.
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Figure 6.2: GC-FID chromatogram of 60 minutes sample mixture of aminic antioxidant

and its products (A, B, 1, 2, 3, 4, 5).
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DODPA is alkylated at para- position, which stabilises the structure, and which was
suggested would have an effect on the products formed from it by dimerisation and

oligomerisation.'”>'"*

6.2.3 Product Identification using High Resolution GC-MS EI

Antioxidant intermediates were analysed by accurate GC/TOF MS combined with EI
ionisation, with method details in Chapter 2. A chromatogram was obtained using a
solvent suppression technique, which improved the signal of the peaks of interests and

reduced the impact of the large solvent and squalane peaks, Figure 6.3.
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Figure 6.3: GC MS-EI (Total Ion Count) chromatogram of 60 minutes sample with
suppressed solvent and squalane peaks. Peaks between 20-40 minutes are squalane

impurities.

The aminic antioxidant mass spectrum was obtained, Figure 6.4, to allow a comparison
with the products formed from it. The main fragments of the antioxidant were: 393,

322, 250 and 236, consistent with the known structure of the antioxidant; the details of
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likely fragments are provided in Appendix E, Figure E1. The peak m/z 393.342 + 0.003
was characteristic for the molecular ion of DODPA (calculated m/z 393.340 for the
formula C,3H43N) and followed the “nitrogen rule”, which suggests the formation of an

odd mass number if there is an odd number of nitrogen atoms.'”

The largest, fragment
peak m/z 322.234 + 0.003 (calculated m/z 322.253 for the formula C,3H3,N) was
formed by the loss of the pentyl group with the formation of a positive charge on the
tertiary carbon and the m/z 250.162 + 0.003 (calculated m/z 250.159 for the formula
CisHyN) by the loss of the second pentyl group. This fragmentation is characteristic
of compounds containg electro-attracting hetero atoms, such as nitrogen in amines,
which decrease the ionisation energy of alkanes and lead to the loss of large alkyl

groups' " this was followed by the loss of another methyl group to produce the fragment

m/z 236.146 + 0.003 (calculated m/z 236.143 for C7H;gN).
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3222341 262¢5
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Figure 6.4: GC/TOF MS (EI) spectrum of aminic antioxidant (DODPA).
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The DODPA spectrum was compared to library data found in NIST database

(Figure 6.5) and was also confirmed with mass spectra obtained by GC-MS in previous

176
work.
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Figure 6.5: Confirmation of EI mass spectrum of the aminic antioxidant (DODPA) (top
spectrum) with NIST Library database (bottom spectrum). Analysis by GC Perkin Elmer
Clarus 500, details in Chapter 2.

The likely initiation reaction of an aminic antioxidant with NO, would be expected to
be by hydrogen abstraction with the formation of the aminyl radical and nitrous acid,

Figure 6.6.

;/\ N- -~ N§© .
1{} [6.1] \gﬁ

DODPA

Aminyl radicals resonance structures

Figure 6.6: Resonance structures of aminyl radical from DODPA.



150 Chapter 6: Reaction of Aminic Antioxidant with NO, at Elevated Temperature

The aminyl radical is stabilised by a series of resonance structures, as shown

in Figure 6.6.

Identification of Intermediates from DODPA using GC/TOF MS (EI)

To identify detected intermediates, assigments have been made using mass spectrum

data as Library spectra were unavailable.

Product A - GC/TOF MS (EI)

The first eluting antioxidant intermediate was product A, (EI spectrum in Figure 6.7),
a monomeric species containing an odd number of nitrogen’s, with a molecular mass
ion m/z 407.325 £+ 0.005 (calculated exact mass m/z 407.319 for the formula C,5H41NO,

1.e. a loss of two hydrogen atoms and a gain of one oxygen atom).

60min AminicAO

mss30790bp_splitiess2 13104 (50.830) Cm (13096:13115-13243:13283) TOF MS El+
100, 336.2353 8 40ed
[M-CsHyy]*
*-
[M]+.
407.3253
[M-CsHyy-CsHy, |
2841432 1/337 2390
| 2651479
[M-CsHy3-CsHyp-CH, I
250.1295 4083313

0 |A8000 30000 Aateg Al ; \Aasasasass ASaAsRASMI RAMSAARAS Rensssasen
50 100 150 200 250 300 350 400 450 500 §50 600 650 700 750 800 850 900

Figure 6.7: GC/TOF MS (EI) spectrum of product A from the reaction of aminic
antioxidant (DODPA) with NO, at 180 °C.
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Other characteristic fragments were: 336, 264 and 250, i. e. the fragmentation patterns

follow a similar fragmentation rule as the antioxidant, by the formation of an amine

177
1.

radical cation and alkyl radica Based on the fragmentation pattern, a possible

structure of product A is suggested as shown in Figure 6.8.

4

Figure 6.8: Possible structure of product A based on GC/TOF MS (EI) fragmentation.

The example of signal assignments with structures of the fragments for product A, is

shown in Appendix E, Figure E2.

Product B - GC/TOF MS (EI)

The second monomeric product identified by GC was Product B (Figure 6.9), with
a molecular mass ion m/z 438.333 + 0.005 - an even number and therefore an even
number of nitrogen atoms were expected in this molecule, consistent with the formula
of Cy3H4oN,0,, which has a calculated accurate mass of 438.325. The main fragments

were: 367, 333, 262 and 234.
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mss30790bp_splitless2 13444 (51.965) Cm (13435:13454-13300:13331)
367.2357
10%
+
[M-C5Hy,]

¥ [M-2xCsH,,-2XOH-CoHy,-CoHe ]

|
T [M-C.H,,-2XOH-CoHy,]*

[M-C4H,,-2XOH]*

TOF MS El+
1.20e5

|
‘ 368.2466
33323711 /
‘ 37.(386 2341297 562,1491 4383327
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Figure 6.9: GC/TOF MS (EI) spectrum of product B from the reaction of aminic

antioxidant (DODPA) with NO, at 180 °C.

This product is possibly formed by the addition of NO, to the aminyl radical (46 + 392

= m/z 438) at the ortho-position of the benzene ring, confirmed by an identified mass

fragment of m/z 333.237 + 0.005 (calculated m/z 333.233 for the formula C,3H9N»)

corresponding to dibenzopyrazine, the possible EI fragmentation in Figure 6.10 (more

details in Appendix E, Figure E3). A similar EI fragmentation and rearrangement

process for N-alkyl-0-nitroanilines was proposed by Danikiewicz et al.'”®
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Figure 6.10: EI fragmentation mechanism of the H,O elimination from the molecular ion

of Product B with formation of characteristic m/z 333 fragment.

Other possible structures of product B have been revised (structures in Appendix E,

Figure E4), however based on the fragment m/z 333, they were unlikely to form.
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Product 1 and 2 - GC/TOF MS (EI)

The identical mass spectra of products 1 and 2 (Figures 6.11 and 6.12) have been
identified as dimers of DODPA with the mass ion m/z 784.694 + 0.005 (calculated
784.663 for the formula CsqHgsN, = 2C,5H43N - 2H). The characteristic mass fragments
were: 713, 641, 321 and 250, and followed the same fragmentation pattern as
the antioxidant. The example of signal assignment with structures of the fragments is

shown in Appendix E, Figure ES and E6.

mss30790bp_splitless2 18767 (69.729) Cm (18745:18804-18482:18571) TOF MS El+
100+ 784.6942 7.38e4
[M]*
713.5970
+
| [M-CsHy,]
1
1
785.7010
/
3| 7146028
® 4

[M_CSHll _C5H11_C23H30N]+

321.2441

[M-CsHy, -CsHyy I

641.5084

786.7048
321.7452 7156061
57,0686 d v

O-trrrrrrey SAGSEAMAnsaMatcaMansacaaa et sesaa tanessonaaseass et e MAMME MSasAASes Mons sARRs Aanassonts aanns aenaa s miz
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Figure 6.11: GC/TOF MS (EI) spectrum of product 1 from the reaction of aminic
antioxidant (DODPA) with NO, at 180 °C.

These products have been formed by the coupling of two aminyl radicals, as previously
suggested in literature for the reaction of diphenylamine with NO,,'"* possible

structures shown in Figure 6.13.
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2 /7
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Figure 6.12: GC/TOF MS (EI) spectrum of product 2 from the reaction of aminic

antioxidant (DODPA) with NO, at 180 °C.

Based on the resonance structures of aminyl radical, different combination of dimers

were reviewed, including: nitrogen — nitrogen bonded (1a); nitrogen — carbon bonded

(1b; para, 1c; ortho) and carbon — carbon bonded (1d; para - para, le; ortho - ortho, 1f;

para - ortho).
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1d

Figure 6.13: Possible dimer structures of products 1 or 2, numbered 1a - .1f.
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It was not possible to differentiate the structures of product 1 and 2 using GC-MS EI,
however proposed structure la would be expected to be energetically favourable, with

four benzene rings, compared to only two benzene rings in other possible dimers.

Product 3 - GC/TOF MS (EI)

The next product identified by GC was product 3, mass spectrum in Figure 6.14, with
molecular mass ion m/z 798.678 + 0.006 (calculated 798.673, Cs¢Hg,N,O = 2C5Ha3N,

+ O — 4H) suggesting an even number of nitrogen atoms in the molecule.

mss30790bp_splitless2 20237 (74.634) Cm (20210:20279-19803:19915) TOF MS El+
7986784 1.58¢5
100 +
[M]*
I
"
[M-CsHy,4]
7275750 798,570
g,

728.5813
[M-CsHy4-CsHyq-CozHasNT™

3282335 I
[M-CsHy4-CsHyyJ* ;o

328 7359 655.4877 729.5875

Il
01+ — - ' . n— ey MiZ
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Figure 6.14: GC/TOF MS (EI) spectrum of product 3 from the reaction of aminic
antioxidant (DODPA) with NO, at 180 °C.

Characteristic fragments were formed by the loss of large alkyl fragments as for other
products; however the size of the molecule suggested the dimer with oxygen atom and

three possible structures were proposed in Figure 6.15.
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B e
e

3c

Figure 6.15: Possible dimer structures of products 3.

Dimer 3b is the most energetically favourable of all possible structures, as it contains
four benzene rings. There is also a possible mechanism of its formation from
monomeric, product A (containing oxygen at the ortho position of the ring) suggesting
structure 3b, as discussed in section 6.3. The example of fragment assignment based on

product 3b is illustrated in Appendix E, Figure E7.
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Product 4 and 5 - GC/TOF MS (EI)

The mass spectra of products 4 and 5 were identical, Figures 6.16 and 6.17. Their
molecular mass ion fragment m/z 782.681 £+ 0.005 (calculated 782.648 for formula
CseHgoN, = 2C,3Ha3N-4H) were two Daltons lower than for identified dimers (product 1

and 2), suggesting a loss of a further two hydrogen atoms from products 1 or 2.

mss30790bp_splitless2 20465 (75.395) Cm (20437:20500-19844:19946) TOF MS El+
! 7826813 4 95e4
100+
[(M]*
1
783.6870
/
\
|
R
|
\
1
+
[M-CsHy,]
711.5859

[M-CsHyy-CsHyy " 7i2seee  7e4sees

| [M'csH11'C5H11'C5H11'C18H17N]*’ [M-CSHll-CSHll-CSHll]" 639.4902

3202352 567.3943
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Figure 6.16: GC/TOF MS (EI) spectrum of product 4 from the reaction of aminic
antioxidant (DODPA) with NO, at 180 °C.

The structures of possible conformational isomers were proposed, which differ by
the rotation of C=C double bond (4a and 4b), (isomer 4b could also conceivably

rearrange to the more stable structure 4c restoring aromaticity, Figure 6.18).
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Figure 6.17: GC/TOF MS (EI) spectrum of product 5 from the reaction of aminic

antioxidant (DODPA) with NO, at 180 °C.
e
4b

Figure 6.18: Possible dehydrodimers structures of products 4 or 5, numbered 4a-4c.

4c
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Using EI analysis, it was not possible to conclusively identify which of the proposed
structures (4a-4c) are products 4 and 5, although as the mass spectra for these two
species were essentially identical, this strongly suggests that they are the E and Z
isomers, structures 4a and 4b. The example of fragment assignment, including the

structures, is illustrated in Appendix E, Figures ES.

6.2.4 Quantitative Analysis using GC-FID

Decay of the antioxidant and the formation of its intermediates were quantified by GC
and by using an effective carbon number method, as described in Chapter 2.
Concentration of all products and antioxidant were plotted vs. reaction time in Figure
6.19. The quantified analysis shows that at 30 minutes approximately 60 % of the
antioxidant was reacted to the intermediates, which suggests that they were the main
products of antioxidant interaction with NO,.

1.2 1 - 3

1.0 —&— Aminic Antioxidant

08 -«Ar-+ All intermediate products
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Figure 6.19: Aminic antioxidant consumption vs. total of intermediate products formation
for the reaction of DODPA with NO, at 180 °C. Squalane nitrate products are on the right

hand axis.
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The DODPA was protecting the base oil until all the antioxidant was consumed up to
60 minutes. The next sample at 75 minutes showed squalane nitration, even though
there were still some antioxidant intermediates present. The formation of aminic

antioxidant intermediates is shown in Figure 6.20.
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Figure 6.20: Calculated concentrations of intermediates products for the reaction of

DODPA with NO, at 180° C.

The first product to be formed, at 5 minutes, was product 2 (an antioxidant dimer), then
at 10 minutes three more products were detected; monomers A and B, and the dimer
product 3. At 15 minutes, product 1 was identified, then at 20 minutes product 5, and
product 4 the last at 30 minutes. By 60 minutes almost no antioxidant remained and

the dimer products were decaying.

The order of product formation could give some more tentative information on the

mechanism of the products, and potentially also their respective structures.
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6.2.5 Summary of Identification

The first two products, A & B, eluting at approximately 48-49 minutes were identified
as monomers of the antioxidant, whereas products 1 to 5, eluting at approximately 67-
78 minutes were found to be dimers of the antioxidant. A summary of their
identification, including possible chemical structures, names, formulae and calculated

exact masses are shown in Tables 6.1 and 6.2.
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Table 6.1: Chemical structures and molecular weights of DODPA and its intermediates

(A, B, 1, 2) from the reaction with NO,.

Peak IUPAC Name / Formula Exact Structure
No Mass
g mol'l]

4-(1,1,3,3-tetramethylbutyl)- | 393.342

N-[4-(1,1,3,3-
tetramethylbutyl)phenyl]
aniline

CasHiN [AO]

DODPA

A (6E)-3-(1,1,3,3- 407.319
tetramethylbutyl)-6-[4-
(1,1,3,3-
tetramethylbutyl)phenyl]imin
o-cyclohexa-2,4-dien-1-one

CysHyNO [AO — 2H + O]

B 6-nitro-4-(1,1,3,3- 438.325 NS
tetramethylbutyl)-N-[4-
(1,1,3,3- N
tetramethylbutyl)phenyl]cycl e
ohexa-2,4-dien-1-imine

CysH4N,O, [AO — H + NO,|

1 4-(1,1,3,3-tetramethylbutyl)- | 784.663
N-[4-(1,1,3,3-
tetramethylbutyl)phenyl]-6-

e,

[(6E)-3-(1,1,3,3- : { >

tetramethylbutyl)-6-[4- )\ N

(1,1,3,3- O
tetramethylbutyl)phenyl]imin

o-cyclohexa-2,4-dien-1-

yl]cyclohexa-2,4-dien-1-
imine

CseHsaN,  [2A0 -2H]

2 1,1,2,2-tetrakis[4-(1,1,3,3- 784.663
tetramethylbutyl)phenylhydr
azine

z

CsHsuN,  [2A0-2H]
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Table 6.2: Chemical structures and molecular weights of intermediates (3, 4, 5) formed

from the reaction of DODPA with NO,.

Peak IUPAC Name / Formula Exact Structure

No Mass
g mol'l]
3 2,9-bis(1,1,3,3- 798.643

tetramethylbutyl)-5,6-bis[4-

(1,1,3,3- )
tetramethylbutyl)phenyl|benz

o[c][5,1,2]benzoxadiazepine >©<©/NN\©>O<

CsHpN,O  [2A0-4H+O]

(62)-4-(1,1,3,3-

4 tetramethylbutyl)-N-[4- 782.648

(1,1,3,3-

tetramethylbutyl)phenyl]-6- ‘

[(6E)-3-(1,1,3,3- XN

tetramethylbutyl)-6-[4- | N
=

( 1 s 1 53 s 3 -
tetramethylbutyl)phenyl]imin

o-cyclohexa-2,4-dien-1-
ylidene]cyclohexa-2,4-dien-
1-imine

CscHgoN, [2A0-4H]

5 (6E)-4-(1,1,3,3- 782.648
tetramethylbutyl)-N-[4-
(1,1,3,3-
tetramethylbutyl)phenyl]-6-

N
[(6E)-3-(1,1,3,3- \ J <> N2
tetramethylbutyl)-6-[4-
(1,1,3,3-
tetramethylbutyl)phenyl]imin
o-cyclohexa-2,4-dien-1-

ylidene]cyclohexa-2,4-dien-
1-imine

CsHpN, [2A0-4H]
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6.3 Reaction Mechanism of DODPA with NO,

The interaction of the commercial aminic antioxidant (DODPA) with 1000 ppm NO,
at 180 °C resulted in the formation of seven intermediates from the antioxidant. Based

on product identification reaction mechanisms are proposed in Figures 6.21 to 6.27.

The initiation reaction would be by the hydrogen abstraction from DODPA by nitrogen
dioxide with the formation of aminyl radical and nitrous acid, reaction 6.1. Aminic
antioxidants are scavenging antioxidants with a relatively weak N-H bond, which
influences their reactivity. Previously reported N-H bond dissociation energy of

DODPA was 358 + 4 kJ mol” ,'® which is somewhat higher than the O—H bond

dissociation energy of nitrous acid, 330.9 + 1 kJ mol™,'%¢-'%8

with an energy difference
(AH) is 37 + 3 kJ mol™. This value is higher than the enthalpy of the reaction for the
reaction of phenolic antioxidants with NO,, 12 + 3 kJ mol" (described in chapter 5),

and so this reaction is more endothermic, therefore the aminic hydrogen abstraction by

NO, may be less favourable than for phenolics.

DODPA is an aromatic amine with alkylated para positions, it was suggested
(in the reaction with peroxyl radicals) that this would have an effect on product
formation, mainly formed by dimerisation and oligomerisation;'”> however, not many
details of this analysis was given. Other autoxidation studies similarly, suggested a high
probability of recombination of formed radicals, however this is also currently lacking

in detailed analysis.'**'®

The first reaction mechanism for product 2 (the dimer), which was the first product
identified by GC in the 5 minute sample, was by the recombination of two aminyl

radicals (reaction [6.9]) shown in Figure 6.21.
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Figure 6.21: Reaction mechanism of the formation of product 2 (R=CgHy,).

The next products, identified in the10 minute sample, were the two monomers A and B,

and the dimer with oxygen, product 3.

There are three possible mechanisms for the formation of Product A (numbered here as
mechanism I, IT and III), Figure 6.22. The initial reaction for mechanisms I and II is the
same; namely the addition of NO, via the oxygen atom to the aminyl radical (reaction
[6.10]). The next reaction of mechanism I is by loss of nitric oxide (reaction [6.11]),
followed by abstraction of the next weakest hydrogen by NO, with the formation of
Product A and nitrous acid, reaction [6.12]. The mechanism II was by the cyclic

transition state and let to loss of HNO.
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Figure 6.22: Mechanism I and II — possible reaction mechanisms of formation of product

A. (R=C8H11).

In mechanism III (Figure 6.23), Product A possibly forms during several stages, firstly
the addition of nitrogen dioxide to the aminyl radical via nitrogen (reaction [6.15]),
followed by the hydrogen migration via c-cleavage (reaction [6.16]), followed by the
hydroxyl transfer (reaction [6.17]), which led to the loss of nitric oxide through the
heterolytic cleavage, reaction [6.18]. Then the abstraction of the next weakest hydrogen
atom by the second NO, radical occurred, followed by the bond rearrangement to

product A, reaction [6.19].
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Figure 6.23: Mechanism III — first possible reaction mechanism of formation of product A

(R=CsHjy).
Product B forms by the addition of NO,, through the nitrogen atom, to the aminyl

radical, reaction [6.20].
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6.20 -
[ ] O\N +’-O
N C. +-NO N
NN
R R R R
Product B

Figure 6.24: Reaction mechanism of formation of product B (R=CgHy,).

Product 3 is the dimer, which forms by the combination of 0-aminyl radical and product

A, reactions [6.21]-[6.22].



Interactions of Antioxidants with NOy at Elevated Temperatures 171

Aminyl radical
R
R

6 21] C °

N~ H
J@F Q/ “=(
7 N
R

Product A R

[6.22]

-HONO
+ NO2

.y
S

Product 3

Figure 6.25: Reaction mechanism of formation of product 3 (R=CgHjy,).

The last products identified are: the dimer (product 1), which forms by the combination

of two 0-aminyl radicals and then two more dimers (products 4 and 5), Figure 6.26.
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Figure 6.26: Reaction mechanism of formation of product 1, 4 and 5 (R=CgH,).

Both dimers (product 4 and 5) are formed by the elimination of two hydrogen’s from

product 1 by NO, with the formation of a C=C double bond.

The summarising mechanism for all products formed from the aminic antioxidant

reaction with NO; is shown in Figure 6.27.
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6.27: Summarising mechanism of intermediates formed from DODPA in the reaction with

NO; (R=CgHyy).
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6.4 Summary

The reaction of 0.5% w/w DODPA in squalane with 1000 ppm of NO;, at 180 °C
(piston conditions) has not been studied previously and so was examined here, and

resulted in the identification of seven products formed from the antioxidant.

The concentration of the antioxidant intermediates was significant accounting for well

over half of the antioxidant was reacting.

The inhibiting effect of the aminic antioxidant under the harsh NO, conditions was
observed up to 60 minutes until all of the antioxidant was consumed, at which point
squalane nitration products started to form, despite the presence of many antioxidant
intermediates. This observation was in contrast to phenolic antioxidant intermediates,

which gave protection to the base oil until all the intermediates were consumed.

Based on product identification and the order of product formation by GC, a reaction
mechanism was proposed which can account for all seven intermediates. Products 1 and
2 are dimers, which form by the combination of aminyl radicals, products 4 and 5 are
dimers formed from dimer 1. Product B is a nitrated amine and forms by the addition
of NO; to the aminyl radical in the ortho-position of the ring. Product A forms by the
addition of NO, to the aminyl radical, followed by the loss of nitric oxide, which led to
the C=0O double bond formation. Product 3 forms from the aminyl radical and

product A.
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Chapter 7: Interactions of Phenolic and Aminic
Antioxidant with NO, at 180 °C

7.1 Introduction

The inhibiting effect of a single antioxidant in preventing engine lubricant degradation
may sometimes not be satisfactory; consequently a common solution to this problem is

1% Work reported in

the use of two or more antioxidants in conjunction with each other.
previous chapters has been based on single additive systems, whereas in this chapter the
interaction of phenolic with aminic antioxidants when used together with NO, will be
examined. Two commercial antioxidants: phenolic, octadecyl 3-(3,5-ditert-butyl-4-

hydroxy-phenyl) propanoate (OHPP), (BASF, Irganox® L107) and aminic, 4.4’-

Dioctyl Diphenylamine (DODPA),(BASF, Irganox® L0l1)have been used here,

Figure 7.1.
o T
Vi N
HO O—CisHzs7?
OHPP DODPA

Figure 7.1. Structures of commercial phenolic (OHPP) and aminic (DODPA)

antioxidants.

A model lubricant mixture containing OHPP and DODPA in squalane was reacted with
1000 ppm of NO, at 180 °C; products were analysed by GC-FID and by using high
resolution TOF/GC MS (EI).The interaction between both antioxidants in preventing

nitration was examined and reaction mechanisms are proposed.
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7.2 Interaction of Phenolic and Aminic Antioxidants during

Autoxidation

There is no previously published work on the interaction of both phenolic and aminic
antioxidants with NO,, therefore, background literature on the interaction of these two
classes of antioxidants during autoxidation has been examined to provide context.
Phenolic and aminic antioxidants are both radical scavengers, so act in similar ways and
therefore the interaction between them is sometimes termed homosynergism.'**'®’
Previous studies have examined the interaction of phenolic with aminic antioxidants
during the prevention of hydrocarbon autoxidation. The proposed mechanism
for the interaction suggested that the aminic antioxidant is more reactive with peroxyl
radicals than the phenolic, therefore, when used together in mixtures the aminic will
preferentially react primarily with peroxyl radicals to give the aminyl radical. These
aminyl radicals will then react with the phenolic antioxidant to regenerate the amine
with the formation of more stable phenoxyl radical, Figure 7.2,'%%"*"'* because the

N-H bond in aminic antioxidants is stronger than the O—H bond in phenolic

antioxidants.
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RO, ROO ROH, ROOH

m

OO OO

Aminic Antioxidant Aminyl Radical
[7.2]
R

Phenoxyl Radical Phenolic Antioxidant

[7.3]

*é?*

Figure 7.2: Synergistic mechanism between phenolic and aminic antioxidant

in the reaction with peroxyl radicals.'®*®

As a consequence, during autoxidation the phenolic antioxidant is initially consumed

followed by the consumption of the amine. Overall, the combination of antioxidants

has been reported to increase the inhibition effectiveness in comparison to a single

< s 187
antioxidant system.

Previous studies focused on hydrocarbon oxidation, whereas in this chapter the results

of interaction of phenolic and aminic antioxidant with NO,.
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7.3 Results and discussion

The starting reaction mixture consisted of 0.25% w/w (4.4 x 10°mol dm™), phenolic
antioxidant (OHPP) and 0.25% w/w (5.4 x 10°mol dm™), aminic antioxidant (DODPA)
in squalane the total antioxidants concentration was 0.50% w/w. The reaction with 1000
ppm of NO, at 180°C was performed as previously in Chapters 4 and 6 for single
additive model lubricants. Samples were taken frequently during the reaction and

quantified by GC-FID and identified by accurate mass TOF/GC MS (EI).

7.3.1 Quantitative Analysis using GC-FID

The quantitative analysis of antioxidants decay and intermediates formation is

summarised in Figure 7.3 (Squalane nitration on right hand axis).

—o— PhenolicAntioxidant

- -& - AminicAntioxidant

£ "
g £
° =
ME ---A---Product 1 5 g
e ¢+ Product 3 5
X -
~ —e— Product4 =
c ~
.0 --g- - Squalane Nitration 5
= -1 .2
2 S
£ o~—._. _ = €
- - . L (]
g .\ ” =4 g
o M o o
. T v
gl
0 50 100 150

Time / minutes

Figure 7.3: Decay of phenolic (0.25 % w/w) and aminic (0.25 % w/w) antioxidants, and

their intermediates formation (products 1, 3 and 4) in the reaction with NO, at 180 °C.

Initially, the decay of the phenolic antioxidant is observed and one intermediate product
forms, as shown in Figure 7.4 (10 min. sample); no decay of the aminic component is

seen at this stage.
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Aminic Antioxidant

/ Phenolic Antioxidant

Product1
o {1 M\L Le L L ,l

40 a5 50 55 60 65 70 75

Time {min)

Figure 7.4: GC chromatogram of 10 minutes reaction mixture containing phenolic and
aminic antioxidants and a phenolic antioxidant intermediate product (Product 1), other

peaks are squalane impurities. Analysis using GC-FID, Shimadzu GC, column ZB-5HT,
inj. 350 °C, oven 50-350°C at 5 °C/min, hold for 20 min, FID 350 °C.

As the reaction progresses, by 30 minutes most of the phenolic antioxidant is
consumed, however there is still a significant concentration of product 1. At this time
aminic antioxidant starts being consumed and a new intermediate forms, product 4.

Sample at 60 min. shows that product 1 decays and that there are two new intermediates

(product 2 and 3), chromatogram in Figure 7.5.

Aminic Antioxidant

500

Area (mV)

W

g - . — 8

40 45 50 55 60 65 70 5
Time {min)

Figure 7.5: GC chromatogram of 60 minutes reaction mixture containing aminic
antioxidant and three intermediates (products 2, 3 and 4).
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The next sample at 90 minutes shows significant decrease in the concentration of
the aminic antioxidant approximately 80 % is consumed and a slow decay of products
3 and 4 is evident. At the same time, there is a significant increase of product 2 and five
new intermediates form in the region characteristic for aminic dimers, previously

identified in Chapter 6.

8797

Squalane
500
8150 90.56

Aminic Antioxidant 70 04

et Ny v\ L
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) 45 50 5
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Figure 7.6: GC chromatogram of 90 minutes reaction mixture containing the aminic
antioxidant, products 2, 3, 4 and five new intermediates (shown in insert from analysis
different on different GC with lower baseline noise, Agilent 7890A GC). Analysis using
GC-FID, Shimadzu GC, column ZB-5HT, inj. 350 °C, oven 50-350°C at 5 °C/min, hold for

20 min, FID 350 °C.

Finally at 150 min. when all of the aminic antioxidant is consumed, its intermediate
products decay and squalane nitration is observed. This analysis of products formation

will be used in establishing the reaction mechanism.
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7.3.2 Identification of Intermediates using High Resolution GC-MS EI

The intermediate products formed from the interaction of the model lubricant
containing two antioxidants (OHPP and DODPA) in reaction with NO, were analysed
using an accurate GC-MS (EI) and were compared to results obtained using a single

additive systems, as discussed in Chapters 4 and 6.

The EI spectrum of product 1 (Figure 7.7) showed a molecular mass ion of m/z 528.460
+ 0.004 (calculated exact mass m/z 528.454 for formula CssHgO;) and other
characteristic fragments such as: 513, 261 and 219. This suggests the formation
of an intermediate formed from the phenolic antioxidant (OHPP), as previously
studied in Chapter 4. However, a detailed analysis showed the formation of a m/z
219.174 £ 0.004 fragment (calculated exact mass m/z 219.173), which is more likely

for hydroxyl cinnamate (HCIN), the second intermediate product identified for OHPP

studied alone.
mss32679bp_splitless 3 15825 (61.917) Cm (15806:15841-16035:16142) TOF MS El+
528.4600 5.88e3
1001
[M]+
OH
N Product1
[M-CH,]*
3
o~ o
513.4333
N
#® CigHar
329.4852
- +
[M C19H39]
261.1515
[M-CyoH3,0,]*
219.1744
530.4678
/
o S, I : — USRS 11 AU - -
50 100 150 200 250 300 350 400 450 500 550 600 850 700 750

Figure 7.7: GC/ITOF MS (EI) spectrum of Product 1 from the reaction of aminic
(DODPA) and phenolic (OHPP) antioxidant with NO, at 180°C.
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The next species identified was product 4 (retention time. = 75 min. by GC) its
molecular mass ion was m/z 713.617 + 0.005 (calculated exact mass m/z 713.611 for
formula C49H79NO,), spectrum in Figure 7.8. Reviewing GC retention times, a dimer-
sized molecule was expected, however dimers previously identified for DODPA had an
even numbered m/z. The odd number of molecular mass fragment of product 4
suggested an odd number of nitrogens in this molecule.'” Other fragments identified
were: m/z = 642, 570, 444, 390, 318 and 274, and the detailed peak assigment is shown
in Figure 7.9 and 7.10. From the analysis of fragmentation pattern a possible structure
was  proposed of octadecyl 5-(1,1,3,3-tetra-methylbutyl)-1-[4-(1,1,3,3-tetra-

methylbutyl) phenyl] indole-3-carboxylate.

mss3268 1bp_splitless 4 21677 (99.550) Cm (21561:21706-21163:21321) TOF MS El+
100 642 4598 1.29¢6

[M-CsHy,]*

Product4

\
Be_.
|
‘
57.0676
[M-CosHe] [M-Cy3H,7]*
)| ) +
- +
‘ e 390.2440 (M C13H37O]
274.1592 + 6445434 5
3502131 4443272 [M-CyoH,50* 7 [M]*+
71.0855 318.1533 570.4390 7136172
4
0+~ Y T o SR ———— miz
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

Figure 7.8: GC/TOF MS (EI) spectrum of Product 4from the reaction of aminic (DODPA)
and phenolic (OHPP) antioxidant with NO, at 180 °C.

The reaction analysis further suggested that this product possibly forms from
the interaction of the phenolic intermediate and the aminyl radical, as they are both

present at 30 min. of reaction.
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Product 4

Peak at 75.0 min.: octadecyl 5-(1,1,3,3-tetramethylbutyl)-1-[4-(1,1,3,3-tetramethyl
butyl) phenyl] indole-3-carboxylate

Assignment
713.617

(calc.713.611) "
(C49H7NO,) o

+

642.500 ¢
(calc.642.524)

(C4sHesNO») Q ﬁ
(0]
\

- CigHa7

(C39oHs6NO»)

Cu

M - CsHypy
A
/C
570.439
(calc.570.431) o
~

M - C,oHi3

"N
N
N
444,327 \
(calc.444.326)
(C31H42NO)
M - Ci3H3,0

Figure 7.9: Possible fragment structures of Product 4 from the reaction of aminic
(DODPA) and phenolic (OHPP) antioxidant with NO, at 180 °C - Part 1.

o

1],
c
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390.244
(calc.390.243)
(Ca6H32NO»)
M — Cy3Hyy

318.153 B

(calc. 318.149) Q o
(C21H20NOy) NN Nom
M~-CysHso

274.159

(calc. 274.181)
(C17H24NO»)
M-Cs,Hss

Figure 7.10: Possible fragment structures of Product 4 from the reaction of aminic
(DODPA) and phenolic (OHPP) antioxidant with NO, at 180 °C - Part 2.

Two products were identified at the 60 minutes sample (product 2 and 3); at this time
the phenolic intermediate (product 1) was completely consumed. Figure 7.11 shows the
spectrum of product 2, of which fragmentation was identical to the previously

identified nitrated aminic antioxidant (product B in Chapter 6).



Interactions of Antioxidants with NOy at Elevated Temperatures 185
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Figure 7.11: GC/TOF MS (EI) spectrum of Product 2 from the reaction of aminic
(DODPA) and phenolic (OHPP) antioxidant with NO, at 180 °C.

Analysis of Product 3 (Figure 7.12) shows a molecular mass ion m/z 609.500 + 0.008
(calculated m/z 609.491 for formula C43He;ON), which again suggests an odd number
of nitrogen atoms. The characteristic fragments are: m/z = 594, 552, 525, 522 and 454,
the analysis of peaks assignment is shown in Figure 7.13. Interestingly, there have also
been identified a few fragments characteristic only for phenolic (m/z 219) or aminic
(m/z 393, 322, 250) antioxidants (details in Chapters 4 and 6). Following the analysis a
possible structure of product 3 was proposed as 2,6-ditert-butyl-4-[[4-(1,1,3,3-tetra-
methylbutyl)-N-[4-(1,1,3,3 tetra-methylbutyl) phenyl] anilino] methylene] cyclohexa-
2,5-dien-1-one, which is an intermediate formed by combining fragments of both

antioxidants.
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mss32680bp_splitless 4 12063 (67 465) Cm (12050:12075-12188:12240) TOF MS El+

100+ 322.2553 3.13e4
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N
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Figure 7.12: GC/TOF MS (EI) spectrum of Product 3.

It possibly forms by combining the aminyl radical with methylene cyclohexadienone

radical (semiquinone radical), a product of phenolic antioxidant decay.



Interactions of Antioxidants with NOy at Elevated Temperatures 187

Product 3

Peak at 59.0 min.: 2,6-ditert-butyl-4-[[4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-
tetramethylbutyl)phenyl]anilino]methylene]cyclohexa-2,5-dien-1-one

Assignment

609.499 s
(calc. 609.491)

(C43HgzNO)
N
{9 X

594.477
(calc. 594.467)

N
(C42HgoNO) o0
M-CH3;

+
—

552.428 N XC*
(calc.522.421) N0
(C30Hs4NO)
M-C4H),

-
525.403

(calc.525.433) N
(CssHssN)
M-CsHgO

Figure 7.13: Possible fragment structures for Product 3 from the reaction of aminic
(DODPA) and phenolic (OHPP) antioxidant with NO, at 180 °C.
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Finally at 90 min., five products are observed, which have been identified by EI
as the previously detected dimers, products of interaction of aminic antioxidant with

NO,, details in Chapter 6.

7.4 Reaction mechanism

Initially, only the phenolic antioxidant is consumed due to the presence of NO,,

reactions [7.4]-[7.6]; this mechanism has been presented in Chapter 4.

on [7.4]

+ NO2

-HONO

//
o
Q
o
w_@ﬁ_/f('{ —Q
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OHPP Phenoxyl Radical

-HONO |+N02 [7.5]

OH O
[7.6]
. o— 1
QO O O

CIN  (Product 1) QM

Figure 7.14: Mechanism of the formation of HCIN, from the experiment studying the
reaction of the model lubricant containing both aminic and phenolic antioxidants with
N02 at 180 °C, (R:C18H37).

In reaction [7.2], the phenoxyl radical reacts with NO, to form the quinone methide (not
identified in this chapter), which rearranges to form the hydroxyl cinnamate (HCIN,

Product 1) identified at 10 minutes of reaction (by reaction [7.3]). At this time



Interactions of Antioxidants with NOy at Elevated Temperatures 189

approximately 70 % OHPP has reacted to HCIN. Product quantification suggests that
this reaction progresses in a similar way comparing to the use of phenolic on its own

(see Figures 7.3 and 4.6 in Chapter 4).

The interactions of phenolic and aminic antioxidant with NO; are proposed in Figures:

7.15-7.17.

The first can be explained by comparing the bond dissociation energies of OHPP and
DODPA antioxidants, which shows that the BDE of phenolic O—H (339.7 + 0.4 kJ mol
1%* is weaker than aminic N—H (358.3 + 4 kJ mol™)'® and therefore phenol could be
expected to react preferentially with NO,. This is consistent with previous studies
on the inhibition of autoxidation by aminic and phenolic antioxidants used
in conjunction, where the phenolic is consumed first, followed by consumption of the
aminic antioxidant. The preferential consumption could be due to a faster rate
of reaction with NO, due to its weaker O—H bond strength in comparison to the N-H
bond strength of the aminic antioxidant. Alternatively, the aminic antioxidant could
react first, if kinetically favourable, but then can be regenerated in the analogous way

presented in Figure 7.2 for peroxyl radicals, reaction with NO, in Figure 7.15.
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HONO

oo o

Aminic Antioxidant Aminyl Radical
[7.2]

vy

Phenoxyl Radical Phenolic Antioxidant

Figure 7.15: Possible synergistic mechanism between phenolic and aminic antioxidant in

the reaction with NO,, similar to mechanism previously studied for peroxyl radicals.'®**%’

Based on product identification two reaction mechanisms for formation of product 4
and 3, formed form the interaction of both antioxidants in the presence of NO,, have
been proposed in Figures 7.16 and 7.17. At the same time, when almost all the phenolic
antioxidant is consumed, the aminic antioxidant, DODPA, starts to be consumed and
Product 4 is identified, (see the reaction mechanism in Figure 7.16). Primarily, the ester
radical is formed by the addition of nitrogen dioxide via the oxygen atom to the para-
phenoxyl radical, reaction [7.8], followed by the loss of nitrous oxide (reaction [7.9]);
which is then followed by cleavage with the formation of quinone and the ester radical
(reaction [7.10]). At the same time the aminic hydrogen is abstracted by NO, from
DODPA with the formation of the aminyl radical and nitrous acid (reaction in
Chapter 6). The ester radical from OHPP is combined with the aminyl radical, in the

radical-radical termination step, followed by the abstraction of the two weakest
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hydrogens by NO, and the internal addition, followed by the abstraction of the next

weakest hydrogen by NO, with the formation of product 4, reactions [7.11]-[7.16].

OH o
[7.4] [7.8]
+ NO2 + NO2
> S ONO
-HONO E\L
R~ O R~ O
NO l [7.9]
) o)
c
;I\ [7.10]
R~ O - .
[7.11]
+
R o

Aminyl radical
(0] H (0] H (0]
1 R 1
R. OJ\/D/R [7.12] R\OJ\)U [7.13] R\o)l\(j/\j/R
. H
N + NO2 N + NO2 N
R — R —
© -HONO © -HONO ©
Rl

-HONO + NO2

o)
H .
o}
[7.16] "o :©/ [7.15]
+ NO2 N Internal addition

- -
© -HONO

Rt Product4

[7.14]

R

Figure 7.16: Possible mechanism of the formation of Product 4 in the reaction of the
model lubricant (containing both aminic and phenolic antioxidants) with NO, at 180 °C:
(R=CygHs7; R1:C8H17)-
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At 60 min. Product 1 is completely consumed and only its decay products potentially
remain, therefore the termination reaction occurs. The third mechanism shows the
formation of product 3, which is also an interaction product of both antioxidants (Figure

7.17) and which forms by reaction of the aminyl radical with QM.

(0]
0]
R! [7.12] |
| R
+ _— .
N C 3
H ~
H N
(0]
7/ Yo
o \O R
| R
R QoM Aminyl radical Rl
[7.13]
C - C cleavage
(0]
Rl
N :
Product3 1

Figure 7.17: Possible mechanism of formation of Product 3 from the reaction of the model
lubricant (containing both aminic and phenolic antioxidants) with NO, at 180 °C.
(R1=C3H17 and R=C18H37).

The synergistic interaction of quinones with aromatic amines was reported previously
by Denisov et. al.'”” who proposed a mechanism ultimately resulting in radical
polymerization, ' but which starts with the reaction of quinone with the aminic

antioxidant to semiquinone and then a further rapid termination of radicals.'”' At 90
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min. decay of product 3 and 4 is observed, which is related to the consumption of
intermediates from the decay of HCIN. At this point there is only 20 % of aminic
antioxidant left, which rapidly reacts with NO,, which increases the formation of
Product 2 (nitrated amine) together with aminic dimers, as described by the reaction
mechanism as shown in Chapter 6. At 120 min. most of the aminic antioxidant is used

and nitration of squalane commences.

It has been suggested that the interaction of quinone with the aminic antioxidant

102 Therefore the

prolongs the induction time by 2-3 times during autoxidation.
synergistic effect of both antioxidants was reviewed in this study. There have been three
categories of interactions between antioxidants proposed by Denisov et. al.; the
additive effect, which is equal to the sum of both antioxidant effectiveness’s, the
antagonistic effect, where the antioxidants used in conjunction is less effective than
when used individually, or synergistic, where the total inhibition effect is increased.'®*
This study shows an increased inhibition effectiveness using a mixture of both aminic
(0.25 % w/w) and phenolic (0.25 % w/w) antioxidants up to 120 minutes; compared to
the aminic antioxidant (0.5 % w/w) used alone, which was up to 75 minutes, there is
evidence of a synergistic interaction. However, comparing to the phenolic antioxidant
(0.5% w/w) used alone, under which conditions squalane nitration products form at 165
min., suggests that addition of amine decreases its inhibition effectiveness, thus overall

the interaction of aminic and phenolic antioxidants is antagonistic when it comes to

reactions with NO,.
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7.5 Summary

The interaction between phenolic (OHPP, 0.25 %) and aminic (DODPA, 0.25 %)
antioxidants has been studied, to understand how they inhibit the nitration of base oil

under high temperature piston conditions.

Nine intermediate products have been identified by accurate GC-MS (EI): Product 1
(HCIN), forms from the phenolic antioxidant identified previously in Chapter 4,
Products 3 and 4 are products of interaction of phenolic and aminic antioxidants (new
products), and six products from the aminic antioxidant identified previously in

Chapter 6.

Based on a quantified analysis of product formation, identification by GC-MS (EI) and
review of bond dissociation enthalpies possible reaction mechanisms have been

proposed.

The inhibition effectiveness using two antioxidants have been compared to single
additive systems, which suggested that the best protection against NO; is provided
by phenolic antioxidant (OHPP) used alone; the mixture of both antioxidants is less

effective, and the least effective is the aminic antioxidant (DODPA) used alone.
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Chapter 8: Conclusions and Suggestions for Future
Work

8.1 Summary and conclusions

Recently, the main drivers for change in automotive engine technology have been
to improve fuel economy, reduce exhaust emissions and increase power density.
Unfortunately, one consequence of this is that this has lead to an increase of the harmful
product of combustion, NOx, in the combustion chamber. The interaction of engine oils
with a high concentration of NOy can cause degradation of the lubricant, with unwanted
increases in viscosity leading to reduced fuel economy and increase emissions
of the green house gas CO,, as well as increased formation of insoluble precipitates,
sludge, which also have serious implications on the performance and working lifetime

of the engine.

NOy reacts with hydrocarbons causing engine oil nitration, therefore the importance
of this study was to improve the understanding of the reactions of phenolic and aminic
antioxidants with NOy and to investigate the chemical mechanisms by which these
inhibitors react with NOy, because, without antioxidants, nitration would quickly
decompose engine oil in use. The piston assembly is the first place where lubricants
come into contact with harsh combustion products such as NOy, therefore
the temperature studied here was as high as180 °C, which was representative of

for lubricants in the vicinity of the piston rings.

Experiments were carried out using a bench-top test developed at University of York.

Initially the bench test was designed and optimised, and the series of test experiments,
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including oxidation, nitration and nitro-oxidation were undertaken, as described

in Appendix A, Chapter 2.

The preliminary studies also included an investigation of the autoxidation of squalane
(C30Hgp) in the liquid phase, as described in Chapter 3. Squalane has been used in this
work as a representative chemical model of lubricant base fluid, because its chemical
and physical properties are similar to those in commercial base fluids. The autoxidation
of squalane resulted in the identification of alkanes (this work) and ketones (previously
identified by Alfadhl, 2008),'"> which are smaller and more volatile than squalane itself.
These products are associated with the decomposition via beta-scission of the tertiary
alkoxyl radicals (2-squaloxyl, 6-squaloxyl and 10-squaloxyl) in a similar way to pristine
(C19H4p), a smaller branched alkane, which was studied previously by Wilkinson 2006.
Investigation of the liquid phase oxidation products of squalane is a very effective way

of monitoring degradation of the parent molecule.

The main experiments reported in this work include the reactions of 1000 ppm of NO,
in N,with model lubricants consisting of phenolic, aminic, or both (phenolic and
aminic) antioxidants in squalane, which have been studied at 180 & 1 °C, representative
of the lubricant in the piston assembly. Products arising from the antioxidants
interactions with NO, have been identified using robust analysis including GC with
accurate mass FI-MS and EI-MS, '"H NMR, UV-Vis, FTIR and GC x GC with NCD
detection, and reaction mechanisms were proposed. Additionally Gaussian software has
been used successfully in explaining the thermochemistry of the reaction mechanisms

of phenolic antioxidants with NO,; at piston ring pack temperatures.

The reaction of the phenolic antioxidant, octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-

phenyl) propanoate (OHPP) with NOjat 180 °C resulted in the formation of quinone
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methide, octadecyl 3-(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dien-1-ylidene)
propanoate, QM, (as described in Chapter 4), in an apparent contradiction to previous
studies, which observed nitro-phenols formation.* Therefore, a novel reaction
mechanism has been proposed to account for this change in mechanism with
the temperature. At ambient temperatures and high concentrations of NO,, the main
reaction of NO, with phenoxyl radicals is addition, with the formation of nitrated
phenolic (as reported previously).® At elevated temperatures and low concentrations
of NO,, however this addition of NO, to the phenoxyl is reversible, allowing a slower
reaction to dominate the abstraction of hydrogen by NO, from phenoxyl radical at a
carbon with the formation of a non-nitrated product, quinone methide (described in this
work in Chapter 5). Thermochemical calculations allowed the ceiling temperature fo

formation of nitrated phenolics to be estimated as approximately 51 = 57 °C
for 0.001 bar NO, therefore under engine piston conditions nitration will be reversible
and the formation of non-nitrated (quinone methide) products will dominate. This is
consistent with experimental results being dependent on the temperature and pressure
and supported limitations for the addition of NO, to phenoxyl radical at piston ringpack

temperatures.

The reaction of the aminic antioxidant, 4.4’-dioctyl diphenylamine (DODPA) in
squalane, with 1000 ppm NO, at 180 °C was also investigated for this work, and
resulted in the identification of seven products from the antioxidant, as reported in
Chapter 6. Previous work on the synthesis reaction of diphenylamine with NO,
suggested the formation of the dimers or nitrated amines, however no chemical analysis
has yet been reported. The work reported here is novel as it is investigating in details
the aminic antioxidant interaction with nitrogen dioxide at elevated temperatures

representative of piston assembly, something which has not been previously
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investigated. Two monomers and five dimers were identified from the reaction of
DODPA with NO,, using accurate GC/TOF-MS EI and 'H NMR, and possible reaction
mechanisms were proposed. The first monomer was nitrated amine (product A) formed
by the addition of NO, to aminyl radical and the second cyclohexadienone imine
(product B) formed by the addition of NO, through the oxygen to aminyl radical
followed by the loss of nitric oxide, which led to C=O double bond formation. Two
dimers were formed by the combination of two aminyl radicals (products 1 and 2),
product 3 formed from the reaction of aminyl radical with product A, which gave the
dimer with an oxygen atom and the last products were two dehydrodimers (products 4

and 5), formed from the dimers.

Understanding of the elementary reactions of how the harsh combustion products, such
as NOx, react with lubricants is key in the development of long lived lubricants. It is
a common solution in industry, to use two or more antioxidants, where synergistic
interactions improve the inhibiting effectiveness, comparing to a single additive system.
The final studies therefore included the interaction of phenolic and aminic antioxidants,
used together, in the reaction with nitrogen dioxide at 180 °C, which have not been
studied before and is reported here in Chapter 7. During the reaction nine intermediate
products from the antioxidants have been identified; however, of these only two were
new products from the interaction of phenolic (OHPP) and aminic (DODPA)
antioxidants (product 3 and 4). Possible reaction mechanisms of their formation were
proposed, which have not been presented before. Product 3 was a combination of the
aminyl radical and semi-quinone radical, whereas product 4 was a combination of

aminyl radical with the long chain ester from the phenolic antioxidant.
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The analysis of the samples taken periodically during the reaction showed that
at the first stage of the reaction the phenolic antioxidant was consumed and only one
intermediated product from the phenolic antioxidant was identified, which was
the hydroxyl cinnamate. When all the phenolic was consumed further reactions showed
the formation of products from the interaction of the phenolic with the aminic
antioxidant (product 3 and 4); at the end of reaction a small concentration of the dimers

from the aminic antioxidant have been observed (identified here in Chapter 6).

The inhibition effectiveness using two antioxidants have been compared to single
additive systems. All experiments used in total 0.5 % w/w of inhibitor; the results
showed that the best protection against NO, will provide phenolic antioxidant (OHPP)
used alone, as there was no squalane nitration observed up to 130 min. of the reaction
(Figure 4.6, Chapter 4). Comparing the phenolic result to the experiment using a
mixture of both the phenlic and the aminic antioxidants, no squalane nitration was
identified up to 90 min. of the reaction (Figure 7.3, Chapter 7). The least experiment
with the aminic antioxidant (DODPA) used alone, with no nitration observed up to 60
min. of the reaction, (Figure 6.19, Chapter 6). Therefore, in the reaction with NO,,

aminic antioxidants will have an antagonistic effect on phenolics.

8.2 Future Work

8.2.1 The effect of Oxygen on Nitration Lubricants

The real engine combustion environment contains air as a source of oxygen, however
the main experimental work presented here used 1000 ppm of NO, in nitrogen (or

100% of oxygen, in Chapter 3). The possible interaction of oxygen with NO, and its
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effect on lubricant degradation can be raised. Thus, to further this work, reactions
should be undertaken at 180 °C, replacing approximately 10 % of an inert gas (N;) with
oxygen, which is a representative concentration remaining in blow-by gases after

combustion.

8.2.2. Effect of other Lubricant Additives on Engine Oil Degradation in Bench Top
Reactor

Future work should involve extending the reaction matrix to include the interaction
of other lubricant additives with NO, and the effect on lubricant degradation; potential

additives include ZDDPs, detergents and dispersants.

8.2.3. The effect of NO on Engine Lubricant Degradation at 180 °C

Nitric oxide and nitrogen dioxide are the main components of NOy in automotive
engines. The effect of NO, has been studied and reported in Chapters 4 to 7. However
the concentration of nitric oxide in blow-by gases is significant and cannot be ignored.
Therefore 1000 ppm of NO have been used in preliminary studies (in a similar way to
NO,), however it showed no reaction with the base fluid and antioxidantconsequently
the main studies concentrated on NO,. This need to be explored in further detail, in
future work and preferentially should preferably be based on the thermochemical
calculation using Gasussian software, in a similar way to the results presented for NO,

reaction with phenolics in Chapter 5.

8.2.4. Monitoring of NO, Consumption

A specially designed NO, automotive sensor was mounted to the apparatus used
for this work to monitor NO, consumption; however the Henry’s law solubility of NO,
in non-polar solvents (similar to squalane) at 180 °C have not been reported previously,

and interpretation of these results proved problematic, therefore the NO, uptake has not
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been reported in this work; however, it would be informative to explore this in more

detail.

8.2.5. Identifying the Nitration Products form Squalane

The screening of the nitrated squalane sample showed the formation of a large number
of the products which could be difficult to separate and identify by GC-MS alone,
however using GC x GC analysis with NCD and FID detectors shows a great
improvement in separation of the products and demonstrates it to be a good analysis
tool for resolving the complex mixtures of used lubricants. Nevertheless, the key
research of this thesis was the interaction of NOy with antioxidants; squalane nitration

should be investigated in future work.
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A. Appendix to chapter 2.

Oxygen uptake calculations using raw data recorded from oxygen

sensor

The example of calculated oxygen uptake in [mol dm™] using the ideal gas law equation
and raw data of oxygen consumption in [mV] is shown in Table Al. This was

previously described by Alfadhl 2008.'"

Table Al: Example of the oxygen uptake calculations from squalane oxidation in bench-

top reactor at 180° C. (this work results)

O, uptake (%) .

. A [Oy]in 7
Time 02 O, flow rate O, uptake Pressure O, uptake Time Integral Sum om’

. 3 so-l 3 so-l il il
(min) (mV) (dm” min™) (dm’ min™) (mbar) (mol min™) (min) (mol min™) (mol) (mol dm”)

Recorded Actual

0.00 996.749 100 0.00 0.10 0.00E+00 1034.487 0.00E+00 0 0.00E+00 0.00E+00 0.000
0.03 993.724 99.69651 0.30 0.10 3.03E-04 1034.567 8.34E-06 0.03 2.78E-07 2.78E-07 0.000
0.07 993.718 | 99.69591 0.30 0.10 3.04E-04 1034.275 8.35E-06 0.03 2.78E-07 5.56E-07 0.000
0.10 993.727 99.69681 0.30 0.10 3.03E-04 1034.113 8.32E-06 0.03 2.77E-07 8.34E-07 0.000

Details of calculations:

[0,] (mol dm™) = sum (mol) / substrate volume (dm™)

Sum (mol) = latter sum cell + adjacent integral cell

Integral (mol min™") = O, uptake (mol min™) x time difference (min)

ATime (min) = latter time cell - former time cell

O; uptake (mol min'l) = (pressure in mbar x 100) x (O, uptake in dm™ min- 1/ 1000) /
(gas constant x temperature in [K])

O, uptake (dm3 min™) = O, actual uptake (%) x O, flow rate (dm3 min'l) /100
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Pre-testing of experimental set-up with analysis of the samples from

nitro-oxidation

Initially the bench test was designed and optimised, and the series of test experiments,
such as: oxidation, nitration and nitro-oxidation were undertaken. Studies included
comparison of calculated (this work) oxygen uptake for different experiments, such as:

with and without antioxidant and with and without nitrogen dioxide. Figure Al.

10 -

oo = wmm Squslane

——— SQualane +AD

02 4 Jqualane + NOZ /
Squalane + AD+ NO2 “*

07 1

06 o

05 o

04 A

O, uptake [mol dm~]

0.3 A

0.2 1

01 1

00 A

Time [minutes]

Figure Al: Calculated oxygen uptake for four different oxidation experiments using: 1. —
squalane (model base oil); 2. — squalane with OHPP (phenolic antioxidant); 3. — squalane
with NO,; 4. - squalane with OHPP and with NO,. Reaction conditions: 180 + 1 °C, 1000
mbar, oxygen flow rate 0.1 dm® min™', [NO,]~1700 + 200 ppm, [OHPP] 0.5% w/w.

The oxygen uptake results were depended on the presence or absence of NO, or
antioxidant in the reactions and were monitored using automotive oxygen sensor. All
four reactions were undertaken in bench-top reactor at 180 °C. The oxidation induction

time (OIT) method was used to characterise squalane oxidative stability to highly
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reactive NO; and to determine the effectiveness of phenolic antioxidant. Therefore the
moment of the significant oxygen increase was monitored for each of the reaction.
Oxygen uptake results show that in the presence of nitrogen dioxide oxygen
consumption was twice as fast as reaction without NO, and the OIT was also reduced
from (8 = 1 min.) to (3 £ 1 min.) approximately. The addition of antioxidant during
reaction with NO, slows down oxygen uptake but the antioxidant effect is smaller (6 +

1 min.) than for reaction without NO, (28 &= 1 min.).

To support oxygen uptake data samples obtained from the reactions, were analysed
using FTIR spectroscopy, Figures A2 to AS and the viscosity changes were monitored,
Figure A6. The level of oxidation and nitration products formed during the reactions
was monitored using infrared spectroscopy. Each of the Figures A2 to A5 contained
overlaid spectra from all stages of the reaction. The carbonyl groups, characteristic for
squalane oxidation, were identified in the 1770 to 1710 cm™ region, as shown in

Figure A2.
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Symetric vibration, C=0
1770-1750 cm™, acids
1735-1715 cm™, aldehydes
1720-1710 cm?, ketones r\

ATR Units
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Wavenumber cm-1

Figure A2: Identification of carbonyl functional groups from oxidation squalane in
bench-top reactor at 180 oC, overlaid IR spectra of samples from: 0, 5, 10, 15, 20,
15, 25 and 30 minutes.

For reaction with antioxidant, inhibition was observed up to 25 minutes and at 30

minutes rapid increase in carbonyl finger print region was observed, Figure A3.

30 min—

ATR Units
0.00 0.02 004 006 008 0.10 0.12 0.14

U AN | ’
- min—>-- el e N\~

1800 1600 1400 1200 1000 800
Wavenumber cm-1
Figure A3: Inhibited (phenolic antioxidant) oxidation of squalane in bench-top reactor at

180 °C, overlaid IR spectra of samples from: 0, 5, 10, 15, 20, 25 and 30 minutes.
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For reaction of squalane with NO,, three functional groups such as: carbonyl, nitrate
ester and nitro groups were identified, Figure A4. The reaction with nitrogen dioxide
gave four extra peaks characteristic for C-NO,, O-NO, and N-O bonds and the

concentration of carbonyl functional groups was higher than in oxidation reaction.

z 1570-1540 cm™, C-NO,, stretching of P

the N-O bonds 1‘?’00 1250y,

o nitrates 0-NO, sym.

© [1650-1600 cm™, stretching vibration

o | nitrates O-NO,, asym. of NO,

S | stretching vibration ofNO, . _
£ § 30 min > \ ; ‘ N-O sym.vib.
E ; 860 - 800 cm™
<8 . NOs

o

3 -

o }

e

§ Qamin’ —> N NP = =

1800 1600 1400 1200 1000 800

Wavenumber cm-1

Figure A4: Identification of nitrate and nitro functional groups form the nitro-oxidation

of squalane in bench-top reactor at 180 °C, samples 0, 5, 10, 15, 20, 23, 25 and 30 minutes.

Antioxidant effect on nitration is shown in Figure AS.
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Figure AS5: Antioxidant effect on nitro-oxidation of squalane in bench-top reactor at 180

°C, overlaid IR spectra of samples from: 0, 5, 10, 15, 20, 15 and 25 minutes.

The infrared results from inhibited nitro-oxidation show that the concentration of
carbonyl, nitrate ester and nitro groups was smaller comparing to none inhibited nitro-
oxidation. For inhibited oxidation the formation of carbonyls was stopped until the

antioxidant was present.

The viscosity changes of model lubricants, in the reactions with and without NO; and
with and without AO, have been compared. The viscosity measurements were
performed using standard industry method, KV at 40 °C. The rapid increase in viscosity
was observed due to reaction of squalane with NO, and the smallest increase was

obtained due to inhibiting action of antioxidant, as shown in Figure A6.
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Figure A6: Kinematic viscosity change reported for oxidation of squalane in bench-top
reactor at 180 °C, comparison of the reactions with presence or absence nitrogen dioxide

(1700 + 200 ppm) and with presence or absence of antioxidant OHPP (0.5 %, wt/wt).

The results from nitration show the maximum increase in viscosity up to 45.0 £ 0.1 cSt
from 19.0 + 0.1 for last sample. For inhibited nitration increase in viscosity was slower
approximately 38.0 £ 0.1 ¢St after 25 minutes. For reaction with antioxidant and
without NO, oxidation was completely prevented up to25 minutes, when all AO was

used up and rapid increase in viscosity was observed.
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The effect of pressure on degradation of lubricants

The reaction in bench-top reactor was carried out under ambient pressure condition
(1050 £+ 10 mbar); whereas for real engines, the pressure is typically higher and depends
on the piston position. To study the effect of the pressure on lubricant degradation the
Standard Test Method for Oxidation Stability of Steam Turbine Oils by Rotating
Pressure Vessel, ASTM D2272, has been employed in preliminary experiments to
oxidise model lubricant containing 0.5% of phenolic antioxidant, OHPP, in base oil.
The standard test method used 90 psi (6205 mbar) pressure and 150 °C temperature,
and also H,O and copper as a catalyst. That was different to the conditions studied in
bench top reactor at the University of York, where the typical experimental temperature
was 180 °C and 1050 mbar pressure, with no catalyst. Therefore to compare this results
the test experiment was undertaken in bench-top reactor at 150 °C and the result
showed approximately 4 hours oxidation induction time which was similar to results
obtained using the industrial high pressure oxidation test. This comparison proof that
results obtained using the bench-top reactor at University of York are comparable to

those used in industry.
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Response factor calculations using effective carbon number (ECN)

method

The effective carbon number (ECN) concept was used in calculations of GC-FID
response factors for products, which standards were unavailable:

ECN = (GC response / Carbon constant) x (1/Compound carbon atoms)
Experimentally obtained response factors for standard compounds were plotter together
with an effective carbon numbers as shown in Figure A7.

25000 -

15000 4

10000 4

Response Factor

5000 A

0 5 10 15 20 25 30 35
Effective Carbon Number

Figure A7: GC response factors plotted against effective carbon number of various

compounds (this work).

Response factors of authentic compounds correlate to the number of combustible
carbon atoms and carbon constants can be calculated, Table A2.

Table A2: Carbon constant calculated for standard compounds.

Compound Response factor Carbon number Carbon constant
Squalane 15440 30 514
Octadecane 9702 18 539
Hexadecane 7612 16 475
Dodecane 5717 12 476
Hexane 3621 6 603
Acetone 1364 2 457
Average - - =510




212 Appendix

Solvent suppression technique

To improve the accurate GC-EI analysis suppression technique was employed to

minimise effect of large squalane peak and maximise small intermediates.

TOF MS Ele
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solvent
50.58
28.89
Products
2! of interest
3934 4938
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2426 | 81 6182 \adRas
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Figure A8: Example of chromatogram obtained by suppression solvent and squalane. (this

work)

Peaks between approximately 10 to 50 minutes are squalane impurities. This GC trace
was compared to fresh lubricant sample and there was no indication of any new

products formed in the region between 10 to 50 minutes.

Table A3 gives some more details of GC-MS EI and FI analysis.

Table A3: Example of 6-methyl-2-heptanone EI and FI fragmentation. (this work)

Product EI mass spectrum (m/z) FI-MS m/z
6-methylhept-2-one 43 (90) 58 (100) 71 (18) 85 110 (15) [M-18], 128
(12) 95 (21) 110 (24) 128 (6) | (100) [M], 129 (12)
[M+1]
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Examples of 2D GC chromatograms

The additional information was obtained using comprehensive two-dimensional gas
chromatography GC x GC equipped with flame ionization detector (FID) detector or
nitrogen chemiluminescence detector (NCD). This analysis was useful in screening the
used lubricant samples, which contain a mixture of different products which might have
similar retention times in one dimension and could be hard to separate. The example of

2D chromatogram obtained using FID detector is shown in figure A9.

Figure A9: Example of 2D GC chromatogram obtained using FID detector: C — before

reaction, D — after reaction. Reaction details: model lubricant (squalane), reactive gas

NO,, at 180 °C (this work).

In the first dimension, non-polar column (X-axis), separation is essentially related to
differing boiling points, where in the second dimension, polar column (Y-axis),
separation is achieved based on differing polarity. Using FID detector different group of
products can be separated such as: alkanes, ketones, aldehydes etc. The example of 2D
chromatogram with nitrated products from the reaction of squalane with NO, identified

using NCD detector is shown in figure A10.



214 Appendix

Figure A10: Example of 2D GC chromatograms obtained using NCD detector: A - before

reaction, B - after reaction. Reaction details: model lubricant (squalane), reactive gas NO,,

at 180 °C. (this work)

Chromatogram (C) of the starting material, before reaction, shows only noise, where
chromatogram (D) of the sample after reaction shows nitrated products. The NCD
detector produced a liner response to nitrogen compounds of the same polarity, which

allowed separation from other nitrated products.

Table A4: Examples of characteristic frequencies of carbonyl functional groups S

Group Band (cm™)

Ketones

C=0 stretch 1725-1705 Saturated branching at o position
Aldehydes

C=0 stretch 1740-1720 Saturated
Acid anhydrides

C=0 stretch 1850-1800 Saturated
C=0 stretch 1790-1740 Saturated
C-O stretch 1300-1050 All classes
Carboxylic Acids

C=0 stretch 1725-1700 Saturated
O-H stretch 3000-2500 All types
Esters and Lactones

C=0 stretch 1750-1735 Saturated
C-O stretch 1300-1050 All classes
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Table AS: Examples of characteristic frequencies of nitro, nitroso, N-O functional

groups.'”

Group

Band (cm™)

C-NO,

1570-1540 (s)  1390-1340(s)

Nitrates O-NO,,

1650-1600(s) 1270-1250(s)

Nitramines 1630-1550(s)
N-NO,, 1300-1250(2)
C-N=0 1600-1500(s)
0-N=0 1680-1610(s)
N-N=0O 1500-1430(s)
N-O

Aromatic 1300-1200(s)
Aliphatic 970-950(s)
NOs 1410-134

860-800
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B. Appendix to chapter 3.
Model Hydrocarbons vs. Commercial Base Fluids

Previous work compared the tertiary carbon composition in different commercial base
fluids, such as: Group I, II, III and PAO to model hydrocarbons, such as squalane and

n-hexadecane.’
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Figure B1: Comparison of tertiary carbon composition of the different commercial
base fluids to squalane and n-hexadecane.’

Results shown that branched alkanes were more representative as a model lubricant as
their tertiary carbon composition is similar to commercial base fluids, what is likely to

influence its oxidation properties.
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The GC-FID analysis (this work) of fresh, commercial, Group III base fluid (Yubase 4)
was undertaken to compare with model hydrocarbon squalane. The analysis shown the
range of different size of hydrocarbons for Yubase 4 (the top trace), where the bottom
trace shown a single peak of squalane (99.0 % of purity). Squalane has also a similar
boiling point as the commercial base fluid and therefore is a good model compound for

study lubricant degradation.
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Figure B2: GC-FID traces of commercial base fluid, Yubase 4 (top trace) and
model base fluid, Squalane 99% purity (bottom trace). (This work results)



218

Appendix

Autoxidation of Pristane

Table B1: Products formed during the autoxidation of pristane, the pristoxyl or pristyl

radicals from which they are formed by the reactions given.?

Peak Product Pr istoxyl or Reactions
no pristyl radical
1 propanone 2-pristoxyl 6
2 2-methylpentane 6-pristoxyl 6,7
3 ethanoic acid not known not known
5 2-methylheptane 7-pristoxyl 6,7
6 2,6-dimethylheptane 8-pristoxyl 6,7
7 2,6-dimethyl-1-heptene 6-pristyl 13
8 3-methylbutanoic acid S-pristoxyl 6,1,2,3.8.9,10
9 2,6-dimethyloctane 6-pristoxyl 6,7
10 |6-methylheptan-2-one 6-pristoxyl 6
11 |5,5-dimethyldihydrofuran-2-one 6-pristoxyl 6,12,11,2,3,4,8
,13,4,14,15,12
12 |2,6-dimethylnonane 6-pristoxyl 6,7
13 |2,6-dimethylundecane 4-pristoxyl 6,7
14 |4,8-dimethylnonan-1-ol 6-pristoxyl 6,1,2,34
15 [2,6,10-trimethylundecane 4-pristoxyl 6,7
16 |2,6,10-trimethylundec-1-ene 2-pristyl 13
17 |4,8-dimethylnonanoic acid 6-pristoxyl 6,1,2,3,8,9,10
18 |6,10-dimethylundecan-2-one 6-pristoxyl 6
19 |5-methyl-5-(4-methylpentyl)dihydrofuran-2- |6-pristoxyl 6,12,11,2,3,4,8
one ,13,4,14,15,12
20 |2,6,10-trimethyltridecane 2-pristoxyl 6,7
22 |pristanone (e.g. 2,6,10,14- secondary 5
tetramethylpentadecan-3-one)
23 |pristan-6-ol (2,6,10,14- 6-pristoxyl 5
tetramethylpentadecan-6-ol)
24 |pristan-2-ol (2,6,10,14- 2-pristoxyl 4
tetramethylpentadecan-2-ol)
25 |sec-pristanol (e.g. 2,6,10,14- secondary 5

tetramethylpentadecan-3-ol)
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Figure B3: Proportion of radical attack at tert-carbons of pristane, and quantified

reaction pathways for sec- and tert-pristoxyl radicals.*®"’
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Figure B4: Fragment ketone products formed during the autoxidation of pristane at
170°C.3
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Figure B5. Fragment alkane products formed during the autoxidation of pristane at
170°C.3"
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C. Appendix to chapter 4.
High Resolution GC-MS EI and FI

The high resolution GC-MS EI and FI spectra of phenolic antioxidant (OHPP) and its
intermediate, which form by the reaction of antioxidant with nitrogen dioxide, shown in

Figures C1 - C4.
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Figure C1: High Resolution GC-MS EI of OHPP Intermediate.

The GC-MS EI showed the characteristic fragmentation patterns for an intermediate
from the antioxidant (Figure C1), which could be comapred to an antioxidant in starting

material (Figure C2).
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Figure C2: High Resolution GC-MS EI of OHPP.

The molecular mass of both (antioxidant and an intermediate) have been studied using

GC-MS FI.
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Figure C3: High Resolution GC-MS FI of OHPP.
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The molecular mass ion m/z 530.475 £+ 0.005 measured for antioxidant (Figure C3) and
m/z 528.458 + 0.003 for an intermediate (Figure C4), showed the difference of two

Daltons between the antioxidant (OHPP) and its intermediate.
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Figure C4: High Resolution GC-MS FI of OHPP Intermediate.
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Figure C5: GC MS EI Perkin Elmer analysis of 2,6-di-tert-butyl-4-ethyl phenol (EthPh),
synthesies  2,6-ditert-butyl-4-ethylidene-cyclohexa-2,5-dien-1-one (QM1) and QM1
product of reaction with NO, at 180 °C.
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Figure C6: GC Chromatograms of squalane, squalane with EthPh and reaction mixture
cont containing product of reaction EthPh with NO,, the 6-ditert-butyl-4-ethylidene

-cyclohexa-2,5-dien-1-one (QM1).
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Product Identification by GPC

Gel Permeation Chromatography (GPC), also known as Size Exclusion
Chromatography was used with an eight channel UV-Vis detector to separate molecules
depending on their size and absorption. The UV-Vis detector was set up to monitor 260,
280, 305, 310, 315, 320, 340 and 360 nm absorptions characteristic for antioxidant and

11,12

products, analysed previously by UV-Vis.

The analysis of starting material showed a peak at approximately 8.4 min. with a

maximum absorption at 280 nm, characteristic for phenolic antioxidant (OHPP),"

Figure C7.
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Figure C7: GPC chromatogram sample 0 min. (in THF), 0.5 % w/w OHPP in squalane.

The 10 minutes sample of reaction mixture showed peaks of an antioxidant at 8.4 min.

and an intermediate at approximately 8.5 min. with maximum absorption of 305 nm,
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consistent with formation of quinone methide, analysed previously by UV-Vis, Figure
C8, and that this quinone methide is of similar size to the starting antioxidant, and is

not, for example, a dimer.
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§ §

T T
* 104

Figure C8: GPC chromatogram 10min (in THF), reaction mixture with max. absorption

of 305 nm characteristic for QM.

The 45 minutes sample, according to GC quantified analysis contained 4 of antioxidant
and similar concentration of intermediate, there are still peaks at 8.4 and 8.5 min. but
the maximum absorption is shifted to 310 nm, which might be related to formation of

hydroxy cinnamate (Figure C9).
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Figure C9: GPC chromatogram 45min, reaction mixture with max absorption of 310 nm

characteristic for HCIN.

UV-Vis analysis of synthesised HCIN shown absorption of 314 nm and not 310 nm,
therfore the synthesised hydroxy cinnamate was analysed by GPC to compare it with

reaction mixtures, Figure C10.
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Figure C10: GPC chromatogram of syhtesised HCIN with max absorption of 310 nm.

The GPC chromatogram of synthesised hydroxy cinnamate shows the retention time for
HCIN of approximately 8.4 min., which was the same as for antioxidant, but its
absoption was 310 nm, as observed in analised 45 min. reaction mixture (figure C9),
that suggests that the HCIN will be one of the reaction products, which will dominate in
later stage of reaction. The difference in elution time between QM (8.5 min.) and HCIN
(8.4 min.), even both have the same molecular masses, could be explain by the

difference in polarity. 1718

GPC was not very good in separating the products of reaction mixture, because their
molecular masses were very similar. Also the HCIN cannot be excluded as a product of

10 min. sample as its absorption is weaker than in quinone methide.
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During analysis by GPC, negligble concentrations of other intermediates were detected,

those products have not been confirmed by GC analysis. It might be that their

concentration was to small to be identified or these are an interaction produtcs with the

moderately polar solvent (THF)."

Product Identification by NMR
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Figure C11. High resolution 700 MHz 1D proton NMR spectra of reaction mixture 0 to135

min. (in CDCl;), full range. Reaction of OHPP in squalane with NO, at 180° C
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Figure C14: Comparison of 0 min. reaction mixture with predicted H'NMR of OHPP.
Analysis of nitrated sample of squalane by GC x GC with nitrogen detector suggest
formation of similar polarity products, possibly formed by addition of NO, group to the

tertiary alkyl radicals.
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Figure C15. 2D GCxGC NCD chromatogram of nitrated squalane.
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D. Appendix to chapter 5.

Table D1: Computed bond dissociation energies at 298K with various DFT methods at 6-

31G (d,p) basis set. The value in the parenthesis is the deviation from computed BDE for

experimental one.[Ref.

157
|

Molecul B3LYP B3W91 B3P86 Exp.

olecuie [keal mol'] | [keal mol'] | [keal mol'] | [keal mol”][kJ mol]
CeHs—NO, 69.02 (1.68) | 69.47 (1.23) |72.90(-2.2) | 70.7+#1 | 295.8
3-NH,-CsH~NO, | 69.53 (0.97) | 70.00 (0.5) | 73.44 (-2.94) | 70.5 295.0
4-NH,-CH~NO, | 7338 (-1.18) | 73.98 (-1.78) | 77.47 (-5.27) | 72.2 302.1
3-NO,-CiHNO, | 66.30(0.2) | 66.80(-0.3) | 70.19 (-3.69) | 66.5 278.2
4-NO,-CgH~NO, | 66.09 (0.91) | 66.58 (0.42) | 69.97 (-2.97) | 67.0 280.3
2-CHy-CgH,~NO, | 6632 (3.88) | 69.60 (0.6) | 73.05 (-2.63) | 70.2+2.5 |293.7
4-CHy-CgH,~NO, | 70.10 (1.3) | 70.59 (0.81) | 74.03 (-2.63) | 71.4+2.3 |298.7
3,5-(NO,),-
CHNo, 64.05 (1.95) | 64.58 (1.42) | 67.93 (-1.93) | 66.00 276.3
Mean absolute 1.51 0.88 3.06 - -
Deviation

Table D2: Computed bond dissociation energies at 298K with various DFT methods at 6-

31+G (d,p) basis set. The value in the parenthesis is the deviation from computed BDE for

experimental one. [Ref.'®]
Molecule B3LYP . B3wWI1 . B3P86 . Exp. .
[kcal mol ] [kcal mol ] [kcal mol ] [kcal mol ]
C¢Hs—NO, 67.19 (3.51) | 68.12(2.58) | 71.60 (-0.9) 70.7+1
3-NH,-CsH,—NO, 67.60 (2.90) | 68.58 (1.92) | 72.06 (-1.56) | 70.5
4-NH,-C¢H,—NO, 71.77 (0.43) | 72.76 (0.56) | 76.30 (-4.10) | 72.2
3-NO,-CsH,—NO, 64.37 (2.13) | 6538 (1.12) | 68.82(-1.48) | 66.5
4-NO,-CsH,—NO, 64.09 (2.91) | 65.05(1.95) | 68.48(-1.48) |67.0
2-CH;-C¢Hs—NO, 64.25 (5.95) | 65.16(5.04) | 68.92 (1.28) 70.2+2.5
4-CH;-C¢H—NO, 68.42 (2.98) |69.39(2.01) | 72.88(-1.48) | 71.4+2.3
3,5-(NO,),-CH4—NO, | 62.00 (4.00) | 63.15(2.85) | 66.54 (-0.54) | 66.0
can absolute 3.10 2.25 170 .
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Table D3: Computed bond dissociation energies at 298K with various DFT methods at 6-
311G (d,p) basis set. The value in the parenthesis is the deviation from computed BDE for

experimental one. [Ref.

158
]

Molecul B3LYP B3W91 B3P86 Exp.

olecule [keal mol"] | [keal mol'] | [keal mol''] | [keal mol™]
CeHs—NO, 66.30 (4.40) | 67.29 3.41) | 70.66 (0.04) | 70.7+1
3-NH,-C¢H~NO, 66.84 (3.66) | 67.85(2.65) | 71.22(-0.72) | 70.5
4-NH,-C¢H,—NO, 70.67 (1.53) | 71.76 (0.44) | 75.18 (-2.98) | 72.2
3-NO,-C¢H~NO, 64.10 2.4) | 61.73 (4.77) | 68.25(-1.75) | 66.5
4-NO,-CH,~NO, 63.74 (3.26) | 64.74 (2.26) | 68.07 (-1.07) | 67.0
2-CH;-C¢H,~NO, 63.51 (6.69) | 64.44 (5.76) | 68.08 (2.12) | 70.242.5
4-CH;-C4H—NO, 67.45(3.95) | 68.47 (2.93) | 71.84 (-0.44) | 71.442.3
3,5-(NO,),-CoH,—NO, | 61.83 (4.17) | 62.84 (3.16) | 66.15 (-0.15) | 66.0
Mean absolute 3.76 3.17 1.16 i
Deviation

Table D4: Computed bond dissociation energies for H,O, CH;OH and Ph-OH at 298K

using B3LYP and (RO)B3LYP methods with 6-311G(d,p) and 6-311++G(2df,2p) basis

sets. [Ref.'"]

B3LYP [kcal mol™] (RO)B3LYP [kcal mol™]
Molecule Exp.
we 163116 6-311++G | 6-311G 6-311++G | [keal mol™]
(d,p) (2df,2p) (d,p) (2df,2p)
H,0 114.2 117.0 115.1 118.2 117.6 0.1
CH;OH | 99.7 101.2 100.8 102.6 104 + 0.9
Ph-OH | 84.1 - 86.4 87.5 873+1.5
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Table D5: Total energies (a.u.) and energy of dissociation (kcal mol ™) for HOH—OH +H
calculated by using B3LYP Hybrid DFT method and different basis sets. [Ref.'®"]

Basis set Enon [a.u.] Eon [a.u.] Eg[a.u.] [kcalAllflol'l]
6-31G(d) -76.4089486 | -75.7234612 | -0.5002728 116.2
6-31+G(d) -76.4225695 | -75.7334956 | -0.5002728 118.5
6-311G(d,p) -76.4474453 | -75.7545244 | -0.5021559 119.7
6-311+G(2d,2p) -76.4619823 | -75.7642379 | -0.5021559 122.7
6-311++G(3dpf,3pd) | -76.4645106 | -75.7662300 | -0.522569 123.0
Exp. 119+1

calculated by using 6-31+G(d) basis set and different methods. [Ref.'*|

Table D6: Total energies (a.u.) and energy of dissociation (kcal mol™) for HOH—OH +H

Methods Enon [2.u.] Eon [a.u.] Eq[a.u.] [kcalAll;:lol"]
SVWN -76.0552961 | -75.3391352 | -0.4939369 139.4
B3LYP -76.4225695 | -75.7334956 | -0.5002728 118.5
B3P86 -76.5990405 | -75.8873638 | -0.5168186 122.3
BLYP -76.4051031 | -75.7199799 | -0.4954462 119.0
MP2 -76.4229082 | -75.7290161 | -4981050 122.9
Exp. 119+1
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The example of calculating the enthalpy, Gibbs energy and entropy from the

thermochemical values computed using Gaussian [This work]

Formation of nitrobenzene (Figure D1.) was used as a model reaction for calculations of
enthalpy, Gibbs energy and entropy from Gaussian thermochemical output values, "%
computed using the DFT BPV86/6-311G (d,p) method (standard conditions of 1 bar

and 298.15K). 162 Reaction D1 below:
O\N¢O

+  NO» — >

The optimised geometry of nitrobenzene is shown in Figure D1.

Figure D1: Optimised geometry of nitrobenzene CcHsNO, using BPV86/6-311G (d,p)
method (Output File).

Various thermochemical information were calculated for each of the reactants and

product using the BPV86/6-311G (d,p) method, such as:
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£ - Total electronic energy

gpr - Zero-point correction

Eot - Thermal correction to energy
H. - Thermal correction to enthalpy

Georr - Thermal correction to Gibbs free energy
go+ezpr - Sum of electronic and zero-point energies
g9+E¢ - Sum of electronic and thermal energies
g9+H,or - Sum of electronic and thermal enthalpies

£+tGeorr - Sum of electronic and thermal free energies

Stot - Total entropy — which is represented by sum of (St + Sr + Sv + Se), where St —
entropy due to translation, Sr — entropy due to rotational motion, Sv — entropy due to vibrational
motion, Se — entropy due to electronic motion

The Gaussian thermochemistry output results for product and reactants are shown in
Appendix D, Table D7.

Table D7: Thermochemical values from Gaussian, calculated for reactants and product

for nitrobenzene formation using BPV86/6-311G (d,p) method, units Hartees. [This

work]
C¢Hs-NO, CqHs NO,

€ -436.906696 -231.624526 -205.170364
€7pF 0.099706 0.084586 0.008452
Eiot 0.10673 0.089105 0.011395
Heorr 0.107674 0.090049 0.012339
Georr 0.067591 0.056467 -0.014949
gtezpg | -436.80699 -231.53994 -205.161912
€0 E o -436.799967 -231.53542 -205.158969
€otHeorr | -436.799022 -231.53448 -205.158025
€t Georr | -436.839105 -231.56806 -205.185314
Stot 0.13444017 0.112636391 | 0.091527426
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Using the raw data from Table D7, the enthalpy, Gibbs energy and entropy of reaction
were calculated below and results converted from Hartree to kcal mol ™ and kJ mol'l, 157

useful unit conversion factors are shown in Table DS.

Table D8: Conversion factors.

1 Hartree 627.5059 kcal mol™
1 kcal mol™ 4.1868 kJ mol™
1 kJ mol 0.239005736 kcal mol™

To calculate enthalpy of reaction appropriate sums and differences of heats of formation

are taken:

A (298K) =Y AHC »10d(298K) ~S A veaer(298K) Equation D.1

Using Gaussian sum of electronic and thermal enthalpies calculating difference for the

products and reactants:

AH(298K)=Y (eo+H or) proa— (€0T Heorr) react Equation D.2
AH(298K)= —66.842312  keal mol”

~279.855392  kJ mol’’

The predicted A, H° value for formation of nitrobenzene was approximately —279.9 +
3.4 kJ mol™, the mean absolute deviation was calculated for BPV86/6-31 1(d,p) in
method development section.

The next calculated value was Gibbs energy:
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ArG9(298K) 22(80+Gcorr)prod_z (8()+Gcorr)react Equation D3
AG°(298K)= —53.797017  kcal mol’

~225.237351  kJ mol”

The Gibbs energy value for the formation of nitrobenzene was negative, -53.8 + 3.4 kJ

mol™, that suggested that this reaction proceeds spontaneously at 1 bar and 298 K.

The standard entropy change for a reaction at 298K and 1bar (A,S°) is defined as a

difference between standard entropies of the reactants and products:

AS (298K) =38 proa(298K) =5 S eact(298K)  Equation D.4

The standard entropy change (A,S°) for the formation of nitrobenzene was calculated
using Gaussian’s values of Total entropies (S;o) for product and reactants, which are the
sums of the individual components of the third law entropy of a mole of identical
molecules at 298K and 1 bar pressure. The Total entropy is represented by a sum of
entropy due to translation, entropy due to rotational motion, entropy due to vibrational

motion and entropy due to electronic motion.
AS°(298K)=  —44.295 cal mol'K

—185.454 Jmol'K!

Based on calculated thermochemical values of A,/L°, A,G° and A ,.S° the reaction kinetics

could be explain and the dependence of formation of particular products.
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Table D9: Thermochemical values form Gaussian calculated for reactants and product of

BHT—NO, formation, using BPV86/6-311G (d,p) method, units Hartees. [This work]

BHT-NO, BHT’ NO,
£ -866.043787 -660.843285 | -205.170364
&zpF 0.347347 0.333425 0.008452
Eio 0.368597 0.351922 0.011395
Heorr 0.369541 0.352866 0.012339
Georr 0.298737 0.287678 -0.014949
gotezpe | -865.69644 -660.50986 -205.161912
gtEw: | -865.675189 -660.49136 -205.158969
gotHeor | -865.674245 -660.49042 -205.158025
£0+Georr | -865.745049 -660.55561 -205.185314
NI 0.237479838 0.218641768 | 0.091527426

Table D10: Thermochemical values form Gaussian calculated for reactants and product

for BHT—ONO formation using BPV86/6-311G (d,p) method, units Hartees. [This work]

BHT-ONO BHT’ NO;
£ -866.035779 -660.843285 | -205.170364
EzpF 0.344956 0.333425 0.008452
Ei 0.366773 0.351922 0.011395
Heorr 0.367717 0.352866 0.012339
Georr 0.296144 0.287678 -0.014949
gotepe | -865.690823 -660.50986 -205.161912
gtEwe | -865.669007 -660.49136 -205.158969
gotHer | -865.668063 -660.49042 -205.158025
£0+Georr | -865.739635 -660.55561 -205.185314
St 0.240055113 0.218641768 | 0.091527426
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Table D11: Thermochemical values form Gaussian calculated for reactants and product

for TTBP—NO, formation, using BPV86/6-311G (d,p) method, units Hartees. [This work]

TTBP-NO, TTBP’ NO,

£ -984.007546 -778.802907 -205.170364
E2pF 0.429304 0.415417 0.008452
Eot 0.454592 0.437964 0.011395
Heorr 0.455537 0.438908 0.012339
Georr 0.376972 0.364813 -0.014949
gotepe | -983.578242 -778.38749 -205.161912
gtEwe | -983.552953 -778.36494 -205.158969
gotHeor | -983.552009 -778.36399 -205.158025
g0tGoor | -983.630574 -778.43809 -205.185314
St 0.429304 0.415417 0.008452

Table D12: Thermochemical values form Gaussian calculated for reactants and product

of EthPh—NO, formation, using BPV86/6-311G (d,p) method, units Hartees. [This work]

EthPh-NO, EthPh’ NO,

£ -905.366438 -700.166453 -205.170364
€7pF 0.375015 0.361457 0.008452
Eot 0.39773 0.381163 0.011395
Heorr 0.398674 0.382107 0.012339
Georr 0.324426 0.314636 -0.014949
gtempe | -904.991423 -699.805996 -205.161912
€0t E o -904.968708 -699.78529 -205.158969
€otHeor | -904.967764 -699.78435 -205.158025
€0tGeorr | -905.042012 -699.85182 -205.185314
Stot 0.249031921 0.226302254 | 0.091527426
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Table D13: Thermochemical values form Gaussian calculated for reactants and product

for analogue OHPP—NO, formation, using BPV86/6-311G (d,p) method, units Hartees.

[This work]

OHPP-NO, OHPP NO,’

£ -1172.647943 -967.447386 -205.170364
E7pF 0.4437 0.430912 0.008452
Ew 0.472461 0.456363 0.011395
Heorr 0.473405 0.457307 0.012339
Georr 0.381405 0.373782 -0.014949
eotezpr | -1172.204243 -967.016474 -205.161912
gtE | -1172.175482 -966.991023 -205.158969
gotHeow | -1172.174538 -966.990079 -205.158025
€tGeowr | ~1172.266538 967.073604 -205.185314
St 0.30856921 0.280145573 0.091527426

Table D14: Thermochemical values form Gaussian calculated for reactants and product

of EthPh—QM formation, using BPV86/6-311G (d,p) method, units Hartees. [This work]

EthPh-QM EthPh’ NO, HONO
£ -699.566691 -700.166453 -205.170364 -205.794754
€7PF 0.350549 0.361457 0.008452 0.019211
Eiot 0.370026 0.381163 0.011395 0.022436
Heorr 0.37097 0.382107 0.012339 0.02338
Georr 0.305039 0.314636 -0.014949 -0.004843
£0+EzpE -699.216142 -699.804996 -205.161912 -205.775543
£ Eot -699.196666 -699.78529 -205.158969 -205.772319
gotHeor | -699.195721 -699.78435 -205.158025 -205.771375
€0tGeorr | -699.261652 -699.85182 -205.185314 -205.799598
Stot 0.221132582 0.226302254 | 0.091527426 0.094660464
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Table D15: Thermochemical values form Gaussian calculated for reactants and product

for ODTBHPP—QM formation, using BPV86/6-311G (d,p) method, units Hartees. [This

work]

Quinone Methide L107 NO, HONO
EN -966.846359 -967.447386 | -205.170364 -205.794754
€7pF 0.420189 0.430912 0.008452 0.019211
Eiot 0.445304 0.456363 0.011395 0.022436
Heon 0.446249 0.457307 0.012339 0.02338
Georr 0.364229 0.373782 -0.014949 -0.004843
gotezmpe | -966.42617 -967.016474 | -205.161912 -205.775543
€oTE o -966.401055 -966.991023 -205.158969 -205.772319
€otHeor | -966.400111 -966.990079 | -205.158025 -205.771375
€0tGeor | -966.48213 -967.073604 | -205.185314 -205.799598

0.275095421 0280145573 0.091527426 0.094660464

Table D16: O—H Bond Dissociation Energies of different phenolics calculated using
BPV86/6-311G (d,p) method.[This work]

BDE [kJ mol|
Phenolic
Calculated (this work) Experimental
BHT(O—H) 338.1+3.4 342 + 8°
EthPh(O-H) 338.7+£34 not known
OHPP(O-H) 3413 +3.4 339.7 +0.4°

*Ref.162,? Ref.164.°
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E. Appendix to chapter 6.

Identification of seven products from interaction of aminic antioxidant

(DODPA) with NO, detected by TOF/GC MS (EI)

Peak assignments were undertaken using mass spectrum data with GC retention times
as the library spectra were unavailable. Primarily characteristic signals for DODPA
were assigned to show similarity with identified intermediate products.

Aminic antioxidant (DODPA)

Peak at 48.0 min.: 4-(1,1,3,3-tetramethylbutyl)-N-[4- (1,1,3,3 tetramethylbutyl)
phenyl]aniline

Assignment

393.342 (Co5HsN)

]
!
322.234 (CosHaoN) O\
i

N
250.162 (C1gHaoN) g O\
Y C+/
\

H
g
236.145 (C17H18N) r©/ \()\ )
c*
| \

Figure E1: TOF/GC MS (EI) aminic antioxidant (DODPA).
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The main fragments were formed by loss of alkyl groups. The same fragmentation

pattern was characteristic for all products.

Product A

Peak at 50.8 min.: (6E)-3-(1,1,3,3-tetramethylbutyl)-6-[4-(1,1,3,3-tetramethylbutyl)
phenyl] imino-cyclohexa-2,4-dien-1-one

Assignment

407.325 (C28H41NO) N%

336.235 (Ca3H3NO) N%@\
cr”

N
264.143(C15H1sNO) \/@ *@\
| ™~
(0]
N |
250.127 (C17H:6NO) \/@ ©\
NN C<

Figure E2: TOF/GC MS (EI) Product A.

Product B was identified as a nitrated amine with a characteristic fragment m/z 333,
which possibly forms by hydrogen transfer to the oxygen atom of nitro group, then

elimination of an OH radical and then elimination of another OH radical.
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Product B

Peak at 52.0 min.: 6-nitro-4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-tetramethylbutyl)
phenyl]cyclohexa-2,4-dien-1-imine

Assignment

438.333
(C28H42N205)

N
AN
367.256 ) _
(C23H31N20,) O¢N\O_ C
N
AN
333.237 N/ c o
(CasHasN>)

N
N
262. 149 P
(C1gH18N2) ¢ N ct”
N
234.123 N
(C16H13N>)
. _ -
C N C

Figure E3: TOF/GC MS (EI) Product B.
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O\ +//O N\\

1
;{j N% |
'O\N+,/O
N
Qﬁ N%% %

Figure E4: Possible structures of product B.

/

74

o/Z
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Product 1

Peak at 69.7 min.: 4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-tetramethylbutyl)
phenyl] -6-[(6E)-3-(1,1,3,3-tetramethylbutyl)-6-[4-(1,1,3,3-tetramethylbutyl)
phenyl]imino-cyclohexa-2,4-dien-1-yl]cyclohexa-2,4-dien-1-imine

Assignment
_‘+.
784.694 (CseHgaN2) O
N %\N
O
L.
/C
713.597 (Cs1H73N,) O
N \\N

641.508 (CsHeiN») O
A

321.244 (CygHaiN)

A |
Lo

Figure ES: TOF/GC MS (EI) Product 1.

Product 1 or 2, fragmentation follows the same pattern as for an antioxidant, by loss of

alkyl groups, where the signal m/z 321.244 suggesting its fragmentation into two
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monomers, possible structures below. The same fragmentation rules for product 2 as for

product 1.

Product 2

Peak at 70.8 min.: 1,1,2,2-tetrakis[4-(1,1,3,3-tetramethylbutyl)phenyl|hydrazine

Assignment

—
e ey % m

—
713.597 (Cs1H73N2) Q
w |
N
/C
641.509 (CysHs1N>) Nm
N
L
321.244 (CosHaiN) >¢ \®><>Z|+-
N

250.157(C15H20N)

Figure E6: TOF/GC MS (EI) Product 2.
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Product 3

Peak at 69.7 min.: 4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-tetramethylbutyl)
phenyl] -6-[(6E)-3-(1,1,3,3-tetramethylbutyl)-6-[4-(1,1,3,3-tetramethylbutyl)
phenyl]imino-cyclohexa-2,4-dien-1-yl]cyclohexa-2,4-dien-1-imine

Assignment

798.678 (Cs6Hg2N20)
(0]
727.575 (Cs1H71N,0) >L>b/o\d<)<

(@]
655.488 (CusHsoN,0) >L><Q/ 5<><
- I
328.234 (CxH3NO) ﬁ/©/

Figure E7: TOF/GC MS (EI) Product 3.
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Product 4
Peak at 75.4 min.: (6E)-4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-tetramethylbutyl)

phenyl] -6-[(6E)-3-(1,1,3,3-tetramethylbutyl)-6-[4-(1,1,3,3-tetramethylbutyl)
phenyl]imino-cyclohexa-2,4-dien-1-ylidene]cyclohexa-2,4-dien-1-imine

SR,
T
s R

Assignment

782.681 (CssHsaNy)

711.586 (C51H71N2)

639.490 (CasHsoN>) L@\\ —~ :

567.394 (C41Ha7Ny)

7 N\

O

Figure E8: TOF/GC MS (EI) Product 4 and 5.

320.235 (CgHaoN)
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Product 5 (the same as 4)

Peak at 76.1 min.: (6Z)-4-(1,1,3,3-tetramethylbutyl)-N-[4-(1,1,3,3-tetramethylbutyl)
phenyl]-6-[(6E)-3-(1,1,3,3-tetramethylbutyl)-6-[4-(1,1,3,3-tetramethylbutyl)
phenyl]imino-cyclohexa-2,4-dien-1-ylidene]cyclohexa-2,4-dien-1-imine
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