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ABSTRACT: Short chain alkenyl succinimides (ASIs) were
synthesized and used as high purity chemical models to
investigate the autoxidative degradation at 170 °C of
polyisobutenyl succinimide dispersants (PIBSIs), a significant
additive in automotive engine lubricants. Degradation products
were characterized by gas chromatography−electron ionization
mass spectrometry and quantified by gas chromatography-flame
ionization detection. The rate of autoxidation of ASIs in a model
lubricant, squalane, was also investigated. Although this is a
complex molecule containing many possible sites of radical
attack, all of the autoxidation products identified result from
attack at the double bond or the adjacent allylic hydrogen
atoms, which indicates the controlling influence of the double bond in the degradation of alkenyl succinimides, and therefore of
commercial polyisobutenyl succinimide dispersants. The observed site-selective cleavage of the ASI structure, and by analogy
PIBSI dispersants, would yield products that both reduce dispersancy and promote the formation of insoluble products that
could have a detrimental effect on lubricant performance.

■ INTRODUCTION

Lubricants for modern internal combustion engines require a
precisely formulated additive package to improve the perform-
ance of the lubricant and hence the engine; through cleaning,
cooling, and protecting the engine, equipment lifetime and
emissions can be improved. The harsh environment and high
temperatures (115−180 °C) in an internal combustion engine
can limit the lifetime of the lubricant through autoxidation.1,2

Polar products of lubricant autoxidation can be insoluble in the
relatively low polarity lubricant, the major component being a
hydrocarbon based fluid. Polar products can impede lubricant
flow, increasing mechanical wear and lubricant viscosity.3

Higher viscosities increase friction which negatively impacts
both fuel economy and greenhouse gas emissions.4

A fully formulated engine oil lubricant comprises an additive
package and a viscosity index improver dissolved in a base oil;
liquid hydrocarbons either produced synthetically or refined
from crude oil. Constituting around 90% (w/w) of the
lubricant oil, the mechanisms of base oil autoxidation have
been investigated in detail through the use of model
hydrocarbons.5−11 Smaller hydrocarbons12−15 and fatty acid
methyl esters16,17 have been investigated to determine fuel
degradation mechanisms and higher mass ester base oils18,19

used for lubricant degradation studies. More recently, focus has
shifted to the impact of lubricant degradation on friction and
wear performance, such as the degradation of molybde-
num20,21 or zinc based friction modifiers.22,23 However, studies
on lubricant additive autoxidation mechanisms, are limited.
Beyond antioxidant studies, there has been little research in

this area.24,25 The effect of autoxidation on polyisobutenyl
succinimide (PIBSI) dispersants is reported here.
Dispersants are amphiphilic additives that typically con-

stitute between 4 and 8% (w/w) of an engine oil lubricant.26

They solubilize polar products of lubricant degradation, known
as sludge, and soot from the incomplete combustion of fuel.4

Without dispersants, polar contaminants agglomerate, increas-
ing friction and wear which reduces fuel efficiency and
component lifetime.27,28 PIBSIs (Figure 1) have been the
main dispersant used since their development in the 1960s.26

The commercial synthesis of PIBSI dispersants involves the
Alder-ene addition of maleic anhydride (MAH) to the terminal
alkene of oligomeric polyisobutene (PIB, Mw = 1000−2500
Da) which yields polyisobutenyl succinic anhydrides (PIB-
SAs).26 Upon reaction with an amine, PIBSAs form the
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Figure 1. Idealized structure of a polyisobutenyl succinimide
dispersant: n is typically 16−60, m is typically 3, and R = NH2 or
PIBSI.
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succinimide via the corresponding amic-acid.29 Typically,
ethyleneamines such as tetraethylenepentamine (TEPA) are
used as the hydrophile. Using hydrophiles containing multiple
primary amines allows bis-PIBSIs to be generated, with two
PIB tails attached to a single hydrophile, altering the
performance characteristics.26

Commercial dispersants have a general functionality but can
have a very wide range of structures due to polyisobutene
(PIB) polydispersity, ethyleneamine type and purity, and
process variables. The characterization of PIBSI dispersants
and their autoxidation products would be challenging and
linking a degradation product to a specific starting molecule
would be prohibitively complex, and therefore the chemical
mechanisms by which they degrade would be very difficult to
infer from product studies.
Therefore, alkenyl succinimides (ASIs) have been synthe-

sized and used as high purity, single isomer, chemical models
for PIBSI dispersants to elucidate the autoxidative breakdown
mechanisms that could be applicable to commercial PIBSI
dispersants. Succinimides are a complex structure, containing
multiple potential sites for hydrogen abstraction and oxidation;
however, the autoxidative behavior of succinimides under
internal combustion engine conditions is unknown. In PIBSI
dispersants, the alkene is located β to the succinimide group
and so ASIs containing an alkene-β-succinimide moiety
analogous to structures found in PIBSI dispersants were
investigated (Figure 2). Their high purity and low molecular

weight (<400 Da) make ASIs and their autoxidation products
suitable for analysis by gas chromatography (GC) coupled to
mass spectrometry (MS) for characterization and flame
ionization detection (FID) for quantification.
ASIs containing a low molecular weight PIB-like tail and an

equivalent alkene-β-succinimide moiety cannot be synthesized
from readily available starting materials. In this study, a readily
producible alternative containing an n-alkyl tail was used. The
ASI used contains secondary carbons, and PIBSIs contain
primary, secondary, and quaternary carbons. As autoxidation is
initiated by hydrogen abstraction, quaternary carbons would
not be mechanistically important. Likewise, the high bond
dissociation enthalpy of hydrogens located on primary carbons
would limit their participation in autoxidation. Therefore,
hydrogens located on secondary carbons in PIB would be the
major site of autoxidative degradation of the hydrocarbon tail.
As such, the secondary carbon containing ASI tail is reasoned
to be of equivalent reactivity. However, this reasoning does not
account for steric effects or relative rates of breakdown by β

scission. ASIs containing a simple n-alkyl headgroup were used,
opposed to ASIs with an aminic hydrophile. This was done to
further simplify the system to focus on the degradation of the
alkene-β-succinimide while avoiding ASI insolubility issues. A
detailed study is reported here of the autoxidation of ASI
dispersant mimics, with major products identified and
quantified, and formation mechanisms discussed.

■ EXPERIMENTAL SECTION

A summary table of all experiments and analysis conducted can
be found in the Supporting Information.

ASI Synthesis. A flask was charged with (2-dodecenyl)-
succinic anhydride (4.00 g, 15 mmol) and heated to 60 °C
under a flow of nitrogen. An n-alkyl amine was added (1.1
equiv), and the resultant mixture heated to 130 °C for 24 h
with stirring under a flow of nitrogen. The crude product was
purified by flash column chromatography on silica gel using
20% ethyl acetate in petroleum spirit (40−60 °C). ASI
dispersant analogues were prepared with n-propyl, n-butyl, n-
pentyl, n-hexyl, and n-heptyl amines yielding the corresponding
N-alkyl ASI. Clear and colorless liquids were afforded for all N-
alkyl ASIs in good yields and at least 98% purity as determined
by gas chromatography with flame ionization detection (GC-
FID). The purified product was characterized by proton
nuclear magnetic resonance spectroscopy (1H NMR), gas
chromatography with electron ionization mass spectrometry
(GC-EI-MS), and electrospray ionization mass spectrometry
(ESI-MS) (see Supporting Information).

ASI Hydrogenation. A flask was charged with N-butyl ASI
(4.0 g), 1% Pd on carbon (0.39 g, 0.3% (mol/mol) Pd) and
heptane (200 mL). The resultant mixture was placed under a
hydrogen atmosphere and stirred for 48 h at room temper-
ature. The crude product was filtered through Celite and
purified by flash column chromatography on silica gel with
20% ethyl acetate in petroleum spirit (40−60 °C) affording a
white solid in good yields with 98% purity. The purified
product, H2-N-butyl ASI, was characterized by 1H NMR
spectroscopy, GC−EI-MS, ESI-MS and GC-FID (see Support-
ing Information).

Neat ASI Autoxidation. A 125 cm3 three-necked round-
bottom flask was heated to 170 °C under a flow of oxygen
(0.04 L min−1). The ASI (3.0 g) was added and held at 170 °C
for 180 min with stirring. The liquid temperature was
monitored using a K-type thermocouple. Samples (0.15 g)
were taken at regular intervals and analyzed by GC-FID and
GC−EI-MS. A schematic of the reaction set up can be found in
the Supporting Information.

ASI Autoxidation in Squalane. A stainless steel (EN BS
304) reactor with a 55 cm3 internal volume was heated to 170
°C under a flow of oxygen (0.04 L min−1). A sample of ASI
dissolved in squalane (10 cm3, 5% w/w) was injected via a
cannula. The temperature of the sample reached equilibrium in
under 2 min, during which time autoxidation was assumed to
be negligible. The mixture was held at 170 °C for 90 min with
stirring (375 rpm). The liquid temperature was measured using
a K-type thermocouple. Samples (0.3 mL) were taken at
regular intervals and analyzed by quantitative GC-FID.11 A
schematic of the reaction set up can be found in the
Supporting Information. Aging experiments were conducted
in triplicate and analyzed once by GC-FID from which average
values were calculated.

GC-FID. The concentrations of ASIs, squalane, and their
autoxidation products were determined using a Shimadzu GC-
17-A with a Phenomenex ZB-5HT column (30 m × 0.25 mm
× 0.25 μm). Samples were not derivatized prior to
quantitation. For all GC-FID samples, the accurately weighed
sample (0.1 g to 4 significant digits) was dissolved in ethyl
acetate (1.000 cm3) to achieve an appropriate sample viscosity
and concentration. The diluted sample was injected (1 μL)
into the inlet held at 370 °C. Product 12 was quantified using a

Figure 2. A comparison between the structures of PIBSI dispersants
and ASI model dispersants.
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2:1 split ratio with an initial oven temperature of 50 °C for 1
min with a 5 °C min−1 ramp to 340 °C which was held for 41
min. All other species were quantified using a 10:1 split ratio
which allowed quantification of products representing >0.05%
of the amount reacted material. The oven had an initial oven
temperature of 50 °C for 1 min with a 5 °C min−1 ramp to 340
°C and hold for 10 min. Products of neat N-butyl ASI
autoxidation were quantified using external calibration by the
effective carbon number method.31,32 For compounds for
which authentic standards could not be obtained, FID
response factors were estimated based on the structure of
the analyte and an external calibration. A calibration curve of
carbon number versus response factor for several pure alkanes
from decane (carbon number 10) through to pristane (carbon
number 19) was constructed. From this, response factors could
be estimated based on calculated carbon number for a given
analyte. The concentrations of N-butyl ASI and squalane were
determined by external calibration using authentic standards.
ESI-MS. The sample (∼1 mg) was dissolved in ethyl acetate

(1 cm3) and an aliquot (0.1 cm3) was diluted further in
methanol (1 cm3) and injected (1 μL) in to an Agilent 1260
infinity liquid chromatograph with a 50:50 methanol/water
mobile phase. The analyte was detected using a Bruker
Compact time of flight mass spectrometer with internal
calibration using sodium formate between m/z 90 and 1178.
Resolution was ∼12600 with mass errors <3 ppm as reported
in the Supporting Information.
Unit Mass GC−EI-MS. Samples were analyzed using a

PerkinElmer Clarus 500 gas chromatograph using a Restek
Rxi-5HT column (30 m × 0.25 mm × 0.25 μm) coupled with
a Clarus 500 quadrupole mass analyzer. The sample (100 mg)
was dissolved in ethyl acetate (1 cm3) and injected (1 μL) in to
the inlet held at 50 °C. The GC oven had an initial
temperature of 50 °C for 1 min with a 5 °C min−1 ramp to 340
°C which was held for 11 min. The EI source was held at 70
eV.
Accurate Mass GC−EI-MS. Samples were analyzed using

an Agilent 7890 gas chromatograph using a Phenomenex ZB5-
MS plus column (30 m × 0.25 mm × 0.25 μm) coupled to a
Waters GTC Premier time of flight (ToF) mass analyzer. The
sample (5 mg) was dissolved in ethyl acetate (1 cm3) and
injected (1 μL) into the inlet held at 50 °C. The oven had an
initial temperature of 50 °C for 1 min with a 5 °C min−1 ramp
to 340 °C which was held for 11 min. The electron ionization
(EI) source was held at 70 eV. Samples were analyzed at both a
20:1 and a 2:1 split ratio to give good resolution of both high
and low concentration analytes, respectively. The ToF mass
analyzer was calibrated to authentic mass standards and an
accurate mass defect was calculated relative to these standards
and is reported in ppm. The root mean squared error of the
mass analyzer was 10 ppm (see Supporting Information).
GC−MS Sample Derivatization. Silylation was used to

functionalize the hydroxyl group containing species and
identify structural isomers.33−35 The sample (100 mg) was
stirred in ethyl acetate (1 cm3) with N,O-bis(trimethylsilyl)
trifluoroacetamide/1% trimethylsilyl chloride (500 μL) at 50
°C for 3 h before being injected in to the GC−EI-MS,
following the same analysis conditions used for nonderivatized
samples.
Acetonide derivatization was used to functionalize vicinal

diol containing species.36,37 The sample (100 mg) was stirred
in anhydrous acetone (5 cm3) with anhydrous CuSO4 (500
mg) at 50 °C for 3 h. The sample was filtered and concentrated

under a flow of nitrogen before being injected in to the GC−
EI-MS, following the same analysis conditions used for
nonderivatized samples.
Compounds that did not contain hydroxyl functionality were

characterized from samples prior to derivatization, and so their
structures were unaffected by the heat, solvent, and reagents
used in the derivatization steps.

NMR Spectroscopy. 1H NMR spectra were recorded in
CDCl3 using a Jeol ECS 400 MHz spectrometer at 25 °C.
Chemical shifts were calculated relative to CHCl3.

Rheometry. Samples of N-butyl ASI before and after bulk
phase autoxidation at 170 °C for 3 h were analyzed using a
Brookfield R/S plus cone and plate rheometer at 20 °C using
C50-1 and C25-2 spindles for low and high viscosity samples,
respectively, with data recorded every second and smoothed
using a 10-point moving average.

■ RESULTS

ASI Autoxidation Products. N-butyl ASI (Figure 3, R =
n-butyl) was the main dispersant analogue studied for this

work because of its favorable GC retention time as it did not
overlap with the model base oil (squalane) or squalane
autoxidation products. This allowed its concentration to be
accurately monitored. In total, 15 products were identified
using GC−EI-MS and quantified using GC-FID. Figure 4
shows a GC-FID chromatogram resulting from the liquid
phase autoxidation of neat N-butyl ASI at 170 °C for 30 min
from which 12 products have been characterized. A series of
degradation products (1−9) with a significantly lower
retention time than N-butyl ASI were observed. These result
from the cleavage of C−C bonds in the ASI structure. A cluster
of four peaks and a single peak (10 and 11, Figure 5) with a
higher retention time than N-butyl ASI were characterized as
oxygenated ASI products. These products contain the
complete N-butyl ASI carbon skeleton with increased
functionality through the addition of oxygen. A comparatively
broad peak (12) was observed with a significantly higher
retention time than the starting material. It was characterized
as a dehydrodimer of N-butyl ASI, where two molecules of N-
butyl ASI have dimerized by a recombination reaction,
eliminating two hydrogen atoms and forming a covalent
bond. As shown by Figure 6 and Figure 7, when N-butyl ASI
was oxidized for a longer time (t > 60 min), two further
degradation products (13 and 14) and a third oxygenated ASI
product (15) were also observed.
To aid product assignment, a series of dispersant analogues

with varying N-alkyl chain lengths (n-propyl to n-heptyl) were
prepared and oxidized under the same conditions. Figure 8
shows the GC-FID traces of N-propyl to N-heptyl ASIs
oxidized for 30 min at 170 °C. ASIs were prepared with the
same C12 “tail” and therefore fragment species with the same
retention times (1, 2, 3, 6, and 7) contained the ASI “tail” but
not the N-alkyl chain from the “head” group. Species
originating from the succinimide “head” group (4*, 5*, 8*,

Figure 3. Labeling system for ASIs, R = n-propyl to n-heptyl.
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and 9*) showed progressively longer retention times with
longer N-alkyl chains. The retention times of all functionalized
ASI products increased with increasing N-alkyl chain length.
Fifteen products of N-butyl ASI autoxidation at 170 °C were

characterized by accurate mass GC−EI-MS. Table 1 gives the
structures identified. Regioisomers of functionalized ASI
products and their formation mechanisms are discussed with
respect to the numbering in Figure 3. The EI spectra of
fragments originating solely from the “tail” of N-butyl ASI (1,
2, 3, 6, 7, and 13) were readily characterized by reference to
the NIST database. Originating from the ASI “head”, N-butyl
succinimide (4) was also characterized in this way. Where

NIST database matches could not be found (5, 8, 9, 10, 11,
12, 14, and 15) accurate mass measurements were used to
determine chemical formulas and fragment ions were used to
determine structure. Silylation and acetonide derivatization
were used to confirm the presence of hydroxyl groups and
identify regioisomers. Assignments are reported and discussed
in the Supporting Information.

Product Distribution. Autoxidation products of N-butyl
ASI were quantified by GC-FID from samples taken during the

Figure 4. A GC-FID chromatogram of oxidized N-butyl ASI (autoxidation at 170 °C for 30 min) showing degradation products (1−9), unreacted
N-butyl ASI, oxygenated ASI products 10 and 11, and the N-butyl ASI dehydrodimer (12).

Figure 5. An expansion of the GC-FID chromatogram in Figure 4.

Figure 6. A GC-FID chromatogram of oxidized N-butyl ASI (autoxidation at 170 °C for 180 min) showing degradation products 13 and 14,
unreacted N-butyl ASI and oxygenated ASI product 15.

Figure 7. An expansion of the GC-FID chromatogram in Figure 6
showing unreacted N-butyl ASI and oxygenated ASI products 10, 11,
and 15.
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3 h reaction. The quantification of individual fragment
products and the dehydrodimer can be found in the
Supporting Information and the concentrations of function-
alized ASI products are shown in Figure 9. While the N-butyl
ASI alcohol (10) and N-butyl ASI ketone (11) concentrations
increased from t0, the C2,C3 N-butyl ASI diol (15) was only
observed after 60 min. The concentration of the N-butyl ASI
alcohol (10) decreased after 90 min.
Reaction selectivities were also calculated, defined as the

proportion of reacted material that goes on to form a certain
product or group of products. The data from one experiment is
given in Figure 10. The selectivity was calculated for the sum
of the ASI degradation products, with GC retention times
lower than N-butyl ASI, and for the sum of the oxygenated ASI
products, the products observed with GC retention times
higher than N-butyl ASI. As the structures of all observed
peaks had not been determined, molar concentrations could
not readily be calculated, so, selectivity was calculated based on
the GC-FID peak areas for all observed peaks. Early in the
reaction (5 min), the selectivity for N-butyl ASI forming
degradation products was 17%, decreasing to 4% over the first
60 min. The selectivity for oxygenated ASI products increased
from 27% early in the reaction to a maximum of 36% after 50
min, after which it decreased to a low of 24% by the end of the
reaction.
At the start of the reaction, the liquid sample contained pure

N-butyl ASI which was also monitored by GC-FID. As the
reaction progressed, the sum of the peak areas for N-butyl ASI

and all the observed products noticeably decreased, with a
selectivity for products that were observable by GC-FID of
44% early in the reaction (at 5 min), decreasing to 27% by the
end of the 3 h reaction. This is attributed to the formation of
higher molecular weight and higher polarity species that are
not detectable due to their very low volatility at the maximum
GC temperature used (340 °C).

Viscosity Increase. The dynamic viscosity of N-butyl ASI
before and after autoxidation at 170 °C for 3 h was measured
at shear rates between 50 and 750 s−1. Prior to autoxidation, N-
butyl ASI showed Newtonian behavior with a low and shear-
independent viscosity of 0.06 Pa s. After autoxidation, the
sample viscosity at a shear rate of 50 s−1 was 17.6 Pa s, a 300-
fold increase. The sample showed reversible shear thinning
behavior with the viscosity decreasing to 14.4 Pa s when the
shear rate was ramped to 750 s−1. After a hold period of 5 min
when no shear force was applied, the sample showed the same
shear thinning behavior for a second and third shear cycle
(Figure 11).

ASI Autoxidation in Squalane. The autoxidative stability
of two ASIs in a lubricant oil mimic (squalane) was tested at
170 °C using a steel reactor with a continuous oxygen flow
following a previously described procedure.11 A control
experiment of pure squalane oxidized under the same
conditions was also conducted. The decay rate of both
squalane and the ASI dispersant mimic was measured for 5%
(w/w) solutions of either N-butyl ASI or H2-N-butyl-ASI, its
hydrogenated analogue, in squalane. The concentrations were

Figure 8. GC-FID chromatograms of oxidized ASIs (N-propyl to N-heptyl, 170 °C, 30 min) between 0 and 35 min. Species with equivalent
retention times (1, 2, 3, 6, and 7) originate from the ASI “tail”. Species originating from the succinimide “head” group (4*, 5*, 8*, and 9*) show
increasing retention time with increasing N-alkyl chain lengths.
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Table 1. Identified Products from the Autoxidation of N-Butyl ASI at 170 °C

aIdentified by comparison to the NIST database. bEI MS fragment assignments made and reported in the Supporting Information. cSilylated
derivative observed. dAcetonide derivative observed.
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representative of dispersants in commercial lubricants.4 The
reactant concentrations were monitored by GC-FID, shown in
Figure 12. By GC-FID, squalane and its degradation products
did not coelute with the ASI peak allowing accurate
monitoring of their concentration throughout the reaction.
After an induction period of 15 min the decay of both ASIs and
squalane was approximately first order; to quantify the rates of
reaction, pseudo-first order rate constants were calculated
(Table 2). Volatile species were condensed at 0 °C from the
reactor exhaust gases and analyzed by GC-FID. Squalane and

the ASIs were not observed and so losses of these molecules
can be solely attributed to autoxidative breakdown, with no
significant contribution from evaporative losses.

■ DISCUSSION

ASI Autoxidation Mechanisms. The products observed
indicate ASI autoxidation mechanisms are comparable with
those observed in hydrocarbon autoxidation5−14 which is
initiated by the abstraction of labile hydrogen atoms by
molecular oxygen (reaction 1). The resultant carbon-centered

Figure 9. Concentration N-butyl ASI alcohols, (10), N-butyl ASI
ketone (11), and the C2,C3 N-butyl ASI diol (15) during the
autoxidation. The concentration of N-butyl ASI is also shown.

Figure 10. Selectivity for all observed degradation products and all
observed oxygenated ASI products. The concentration of N-butyl ASI
is also shown.

Figure 11. Dynamic viscosity behavior of N-butyl ASI after autoxidation at 170 °C for 3 h over three cycles with shear rates between 50 s−1 and 750
s−1.

Figure 12. Natural logarithm of squalane, N-butyl ASI and H2-N-
butyl ASI concentrations during autoxidation at 170 °C. The data for
squalane concentrations are from the autoxidation of squalane with no
ASI present. Pseudo-first-order rate constants were calculated from
the linear fit after the 15 min induction period.

Table 2. Pseudo-first-order Rate Constant of Squalane, N-
Butyl ASI, and H2-N-Butyl ASI Decay at 170 °Ca

pseudo-first-order rate constant/10−4s−1

sample squalane N-butyl ASI H2-N-butyl ASI

squalane 2.79 ± 0.07

5% (w/w) N-butyl ASI in
squalane

2.69 ± 0.05 6.15 ± 0.10

5% (w/w) H2-N-butyl
ASI in squalane

2.67 ± 0.07 1.31 ± 0.06

aAging experiments were conducted in triplicate from which the
average and standard error was calculated.
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radicals (R·) can react with oxygen forming alkyl peroxyl
radicals (reaction 2).9 These abstract a hydrogen atom from
another molecule to form alkyl peroxides and regenerating R·
(reaction 3).41

R H O R HO O
2

‐ + → · + ‐ · (1)

R O R O O
2

· + → ‐ ‐ · (2)

R O O R H R O O H R‐ ‐ · + ‐ → ‐ ‐ ‐ + · (3)

The hydroperoxides formed by reaction 3 are the primary
nonradical product of hydrocarbon autoxidation however, at
the elevated temperatures used in this study, peroxides readily
decompose forming hydroxyl and alkoxyl radicals (reaction
4).42 Subsequent hydrogen abstraction by the resultant alkoxyl
radicals forms alcohols (reaction 5) while regenerating alkyl
radicals, continuing the autoxidation chain reaction.

R O O H R O OH‐ ‐ ‐ → ‐ · + · (4)

R O R H R O H R‐ · + ‐ → ‐ ‐ + · (5)

Products from Alkoxyl Radical Formation. Four
isomers of the N-butyl ASI alcohol (10) were observed and
fully characterized in this work. The alcohol within these
structures was allylic in nature, positioned at either C1, C2, C3,
or C4 (Figure 3). No other alcohol isomers were observed,
showing autoxidation was initiated by highly specific
abstraction of allylic hydrogens. This can be explained by the
C−H bond dissociation enthalpy (BDE), whereby a lower
BDE and higher stability of the formed radical give a higher
rate of abstraction.14,30,38 BDE and carbon-centered radical
stability increase in the order primary < secondary < tertiary <
allylic,39 and so allylic alcohols were the major products
observed. Allylic hydrogens at C1 and C4 (Figure 3) were the
dominant site of hydrogen abstraction. After abstraction, the
resultant radicals at C1 and C4 can shift spin density to the C3

and C2 positions, respectively, as previously observed for the
autoxidation of monounsaturated lipids.40 Hence, there are
four radical sites to react further; C1, C2, C3, and C4. Via
reactions 1, 2, 3 and 4, alkoxyl radicals are selectively formed at
C1, C2, C3, and C4 sites. Hydrogen abstraction by alkoxyl
radicals (reaction 5) forms the corresponding allylic alcohol,
which is consistent with the four observed isomers of the N-
butyl ASI alcohol (10). The C4 N-butyl ASI ketone (11) can
also form through alkoxyl radical intermediates.11 Abstraction
of hydrogen by molecular oxygen from an alkoxyl radical in the
allylic C4 position could form the ketone and a hydroperoxyl
radical (reaction 6).

HR C O O R C O HO O
2 2 2

‐ · + → + ‐ · (6)

The C4 N-butyl ASI ketone was the only ketone containing
product characterized, however its GC peak (11) showed
evidence for the coelution of multiple ketone isomers. From
the N-butyl ASI alcohol (10), there is evidence for the
formation of alkoxyl radicals at the C1, C2, C3, and C4

positions. All alkoxyl radical isomers could form the ketone
and so the uncharacterized ketone products are likely C1, C2,
and C3 ketone isomers.
For the formation of degradation products, the major

cleavage mechanism is thought to be α cleavage of alkoxyl
radicals (reaction 7) and the products observed all resulted
from alkoxyl radical formation at C1, C2, C3, and C4 sites.

10

HR C O HRC O R
2

‐ · → + · (7)

The α cleavage of allylic alkoxyl radicals is preferential,
cleaving the C−C bond β to the alkene to yield an α,β-
unsaturated aldehyde and a comparatively stable alkyl radical,
opposed to the less stable vinylic radical from cleavage of the
bond α to the alkene (Scheme 1).43

Hydrogen abstraction by the resultant alkyl radical fragment
(R2· in Scheme 1) to yield the corresponding alkane (reaction
8) accounts for the formation of octane (1), nonane (2), N-
butyl succinimide (4), and 3-methyl, N-butyl-succinimide (5).

R R H R H R
2 2
· + ‐ → ‐ + · (8)

The major primary fragment products observed arose from
the α cleavage of C1 to C4 alkoxyl radicals; however, the α,β-
unsaturated aldehyde fragment expected to form from α
cleavage of a C3 alkoxyl radical (Scheme 2) was not observed.
The resultant succinimide fragment would contain a highly
resonant stabilized tertiary carbon. The low C−H BDE would
make this species highly reactive, and so it was not observed.

Hydroxyl Radical Addition to the Alkene. Neither
decanal (3), succinimide aldehyde (8), or the C2,C3 N-butyl
ASI diol (15) can be attributed to initial abstraction of allylic
hydrogens. These degradation products represent cleavage
across the ASI alkene, and the C2,C3 N-butyl ASI diol (15)
represents reduction of the alkene and alcohol formation at C2

and C3. Their formation is consistent with direct hydroxyl
radical (·OH) addition to the alkene. Upon addition of ·OH to
the alkene, a carbon-centered radical is generated α to the
newly formed alcohol (Scheme 3, reaction 9a). The addition of
O2 to the alkyl radical yields an α-hydroxy peroxyl radical
(Scheme 3, reaction 9b). This species can abstract hydrogen
(Scheme 3, reaction 9c) and upon homolysis of the resultant
peroxide (Scheme 3, reaction 9d), an α-hydroxy alkoxyl radical
is formed.44

By reaction 10, the α-hydroxy alkoxyl radical would yield
decanal (3) and succinimide aldehyde (8).45

An alternative mechanism for aldehyde formation by ·OH
addition to alkenes is possible. The Waddington mechanism
(reaction 11) involves the decay of the α-hydroxy peroxyl
radical through a cyclic six-membered transition state.
Simultaneous α cleavage eliminates a hydroxyl radical yielding
two aldehydes.46

Conventional lubricant degradation mechanisms would
suggest the formation of carboxylic acid degradation products
as a major secondary oxidation product, formed via the further
oxidation of highly reactive aldehydes, which in turn can
oxidize to carboxylic acids.11 In the later stages of N-butyl ASI
oxidation, small concentrations of two carboxylic acids were
identified, a carboxylic acid containing succinimide and n-

Scheme 1. Preferential Cleavage of an α,β-Unsaturated
Alkoxyl Radical
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decanoic acid (peaks 13 and 14, respectively), consistent with
formation from the further oxidation of an aldehyde containing
succinimide and decanal (peaks 3 and 8, respectively, see
Supporting Information for characterization).
The formation of the C2,C3 N-butyl ASI diol (15) can be

accounted for by hydrogen abstraction by the α-hydroxy
alkoxyl radical formed in Scheme 3 (reaction 12). When N-
butyl ASI was oxidized, decanal (3) and succinimide aldehyde
(8) were observed in the initial stages of the reaction, whereas
the C2,C3 N-butyl ASI diol (15) was only observed after 60
min. Formation of the diol involves an intermolecular
hydrogen abstraction, and therefore a source of sufficiently
labile hydrogen atoms is required. The delayed formation of
the C2,C3 N-butyl ASI diol (15) suggests the hydrogen
donated to the α-hydroxy alkoxyl radical is unlikely to be
donated by a second equivalent of N-butyl ASI. Instead, a
source of sufficiently labile hydrogens must accumulate
noticeably to compete with decay by fragmentation.

Recombination. The formation of the N-butyl ASI
dehydrodimer (12) is attributed to recombination of two
carbon-centered ASI radicals (reaction 12), a known radical
termination mechanism.47 Recombination of any of the four

allylic radical isomers would yield 10 different dehydrodimer
regioisomers which is consistent with the broad GC peak
observed.

R R R R
1 2 1 2
· + · → − (13)

The reaction selectivity (Figure 10) suggested the formation
of high molecular weight and high polarity species,
unobservable by GC, to be a major radical termination
route. However, the concentration of the N-butyl ASI
dehydrodimer (12) plateaued at a low concentration early in
the reaction suggesting it reacted further.
The tertiary hydrogens of the N-butyl ASI dehydrodimer

(12) are highly labile, promoting rapid further oxidation of the
N-butyl ASI dehydrodimer (12), yielding products of relatively
high mass and polarity that are unobservable by GC.
This work has found significant evidence that the

autoxidation of ASIs is highly specific, reacting only at allylic
sites or at the alkene itself. The overall mechanism for the
formation of the observed products of ASI autoxidation is
shown in Figure 13. In summary, all of the observed
autoxidation products can be accounted for by chemical
mechanisms following from either hydroxyl radical addition to
the double bond, or abstraction of the allylic hydrogen atoms
adjacent to the double bond, thus demonstrating the
controlling influence of the double bond in the degradation
of alkenyl succinimides, and by extension, of commercial

Scheme 2. Formation and Subsequent Degradation of the Expected Product of Alkoxyl Radical α Cleavage at the C3 Position
of N-Butyl ASI

Scheme 3. Formation of an α-Hydroxy Alkoxyl Radical by Hydroxyl Radical Addition to an Alkene

Figure 13. Mechanism for ASI autoxidation showing the three major routes to the 13 primary products identified in ASI autoxidation.
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polyisobutenyl succinimide dispersants. The succinimide group
or the long alkane tail do not noticeably contribute to
degradation.
Relative Reactivities. The reactivity of N-butyl ASI and its

hydrogenated analogue, H2-N-butyl ASI, was examined relative
to a model base oil, squalane. Both squalane and ASIs followed
first order decay when oxidized at 170 °C. Shown in Table 2,
the pseudo-first-order rate constant for the decay of N-butyl
ASI was 2.3 times higher than that of squalane. Studied by
Stark et al., squalane primarily reacts by hydrogen abstraction
at one of the six tertiary carbon sites,11 whereas this work has
shown ASIs preferentially react by abstraction of one of four
hydrogens at allylic sites. Therefore, ASI allylic hydrogens are
approximately 3.5 times more reactive at 170 °C than tertiary
hydrogens in a model lubricant. This means, in a real lubricant,
the dispersant will decay significantly quicker than the
lubricant base oil.
By way of comparison, the induction period for liquid phase

autoxidation of n-octane, which contains only primary and
secondary hydrogen atoms, is approximately twice as long as
for 2-methylpheptane (one tertiary as well as six secondary
hydrogens),14 which supports the suggestion that a com-
paratively low proportion of hydrogen atoms with a lower
bond strength can have a noticeable effect on the rate of
autoxidation of a molecule. To confirm the importance of the
alkene in ASI autoxidation, the alkene of N-butyl ASI was
hydrogenated. After hydrogenation, its decay rate constant was
4.7 times lower than N-butyl ASI showing the importance of
the alkene for dispersant autoxidation, and that hydrogenation
is an effective way to improve the oxidative stability of ASI
dispersant mimics.
Viscosity Increase. The viscosity of N-butyl ASI increased

300-fold after oxidation at 170 °C for 3 h, suggesting the
formation of high molecular weight and/or high polarity
species. This viscosity increase is attributed to the N-butyl ASI
dehydrodimer and its subsequent autoxidation products;
higher polarity species and higher order polymers than the
dehydrodimer that were not detectable by GC (Figure 10).
The oxidized ASI also showed non-Newtonian behavior,
whereby the viscosity decreased as shear force increased
(Figure 11). This shear thinning was reversible; when the shear
force was stopped for 5 min, the viscosity increased back to its
original value. Reversibility suggests the shear thinning effect
was due to breaking intermolecular bonds, such as hydrogen
bonds between alcohol groups. Bonds are reformed as the
shear force decreases, increasing the viscosity back to the
original value. As well as high polarity species, high molecular
weight products likely also contribute to the large viscosity
increase upon ASI autoxidation.
Implications for PIBSI Dispersant Degradation during

Use in Engine Lubricants. When the mechanisms of ASI
autoxidation are applied to PIBSI dispersants, several
significant performance impacts can be inferred. Dispersants
are used to solubilize polar oxidation products derived from
lubricant autoxidation, known as sludge, and soot from
incomplete fuel combustion that would otherwise agglomerate
within the lubricant. Soot and sludge formation alters the
rheology of a fluid. Lubricants with high soot and sludge
loading exhibit shear-thinning non-Newtonian behavior due to
shear forces breaking up intermolecularly bonded agglomer-
ates, like the observation made for oxidized N-butyl ASI. A
PIBSIs amphiphilic structure allows soot and sludge dispersion
which prevents agglomerates from forming. This not only gives

Newtonian rheology but also mitigates the negative perform-
ance impacts of soot and sludge on mechanical wear and fuel
economy.27 The fragmentation of PIBSI dispersants via the α

cleavage or OH radical addition mechanisms demonstrated in
this work has severe performance implications.
Site-specific cleavage of the polar headgroup from the apolar

tail would render the dispersant inactive. Not only does this
reduce the concentration of active dispersant, but cleavage
liberates the polar headgroup into the lubricant which, being
insoluble in the lubricant base oil, would agglomerate and
contribute to sludge formation. Therefore, fragmentation
would have a significant and detrimental impact on both
dispersant performance and lubricant rheology.
Recombination of radicals to yield the ASI dehydrodimer,

and subsequent reactions to form heavier and more polar
species, is suggested to be a significant oxidation pathway for
ASI autoxidation and can account for the observed 300-fold
viscosity increase at low shear rates.
In a lubricant oil, allylic carbon-centered radicals formed by

hydrogen atom abstraction can also self-react to form the ASI
dehydrodimer, or react with other carbon-centered radicals,
formed, for example, by hydrogen abstraction from the base
fluid molecules, to form heavier and often more polar species.
This is suggested to be a significant oxidation pathway for bulk
ASI oxidation, leading to a viscosity increase which can
increase mechanical friction, decrease fuel economy, and
increase CO2 emissions.
The selectivity for the three major decay routes,

recombination, oxygenation, and degradation, is likely to be
dependent on the lubricant formulation. For instance, a source
of labile hydrogens, such as a radical-scavenging antioxidant
(AO), would donate hydrogen atoms to alkoxyl and carbon-
centered PIBSI radicals, limiting their decay by α cleavage and
recombination, respectively. Through its rapid degradation the
addition of PIBSI dispersants to a lubricant increases its radical
forming ability and therefore reducing its lifetime. Formulators
can mitigate this by increasing the AO concentration; however,
it comes at an additional cost.

■ CONCLUSIONS

Alkenyl succinimides (ASIs) have been studied as chemical
models for the autoxidation of polyisobutenyl succinimide
(PIBSI) dispersants. The initial radical attack was shown to be
site specific, either by abstraction of resonance-stabilized allylic
hydrogen atoms or hydroxyl radical addition to the alkene.
Allylic ASI alcohols, ASI ketones, and seven degradation
products were characterized and attributed to alkoxyl radical
formation. The formation of an ASI diol is attributed to the
initial addition of a hydroxyl radical to the alkene (reaction 9a
in Figure 13) and subsequent reactions with oxygen, R-H and
hydroxyl radical elimination to form a hydroxy-alkoxyl radical
(reactions 9b, 9c, 9d in Figure 13), which can then abstract a
hydrogen atom to form the diol (reaction 12 in Figure 13).
Two aldehydes can also be accounted for by ·OH addition to
the alkene followed by α cleavage of the hydroxy-alkoxyl
radical (reaction 10 in Figure 13). The recombination of
carbon-centered ASI radicals is thought to be a major product
forming route with high molecular weight products contribu-
ting to a 300-fold viscosity increase. Allylic ASI hydrogens were
found to be 3.5 times more reactive (at 170 °C) than tertiary
hydrogens of squalane, a lubricant oil mimic. Degradation of
PIBSI dispersants would negatively impact their dispersing
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performance and PIBSI dehydrodimers would increase
lubricant viscosity, harming fuel economy and CO2 emissions.
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