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ABSTRACT: Engine oil is mainly comprised of base oils and various additives, which are low molecular weight polymers mixed
into the oil resulting in a polymer blend. Dispersants and detergents, the two most abundant additives, are intended to keep the
engine free of particulate but are not always successful. At high temperatures, species not combusted may undergo oxidation and
degradation or create other byproducts, generating particulate deposition. Knowledge of the molecular makeup of these byproducts
is essential, as particulate accumulation can cause serious issues to the engine and ultimately to the operator. In this study, unknown
deposits from the air-intake valve of a vehicular engine have been analyzed via a palette of mass spectrometry (MS) methods,
including matrix-assisted laser desorption/ionization MS with postacquisition data processing, atmospheric solids analysis probe MS,
and electrospray ionization MS interfaced with 2D separation via reversed-phase liquid chromatography and ion mobility
spectrometry. Low molecular weight, aminated poly(propylene glycol) and polyisobutylene detergents and a poly(methyl
methacrylate) viscosity modifier were conclusively identified in the deposit, along with oxidized polyethylene chains leaked into the
oil/additives blend from vehicular tubing and tanks. The use of different methods was essential for the confident elucidation of the
low molecular weight macromolecules giving rise to the vehicular engine particulates.

■ INTRODUCTION

Internal combustion engines are utilized worldwide, but the
understanding of the chemical processes occurring within
them, from air-intake mixing with fuel, to oil lubrication and its
additives, to combustion, remains marginal.1 The high heats
and pressures necessary for combustion impart a large amount
of energy that can cause ancillary reactions and problems with
future combustion and air-intake. One major concern is
stochastic preignition (SPI), an untimely ignition event prior
to ignition of the main fuel charge, which is thought to be
caused by particulate/droplets within the combustion
chamber.2 Several experimental studies have been performed
to both understand and prevent such untimely combustion3−5

as well as determine the cause of engine particulate
deposits,6−9 though there is still disagreement whether these
particulates could remain after a few ignition cycles.10 Overall,
deposit analysis has been neglected compared to other issues,
like SPI, engine knocking, or super knocking.11,12

Engine deposits are presumably produced from interactions
with engine oil, which mainly consists of hydrocarbonaceous
material (paraffins, polycyclic aromatic hydrocarbons [PAHs],
naphthenes, etc.); however, various additives, often referred to
as a “performance package”, are also present (Table 1).13

These additives are generally low molecular weight polymers

that encompass dispersants, detergents, antioxidants, antiwear
agents, viscosity modifiers, and friction modifiers, which impart
advantageous properties to the oil, usually based on their
structural responses to stimuli like temperature. Poly(ether
amines) (PEAs) and poly(isobutylene amines) (PIB-amines)
are typical detergents, added to prevent deposition,14 while
poly(dimethylsiloxane) and poly(methyl methacrylate) act as
antifoaming agents, dispersants, or viscosity modifiers.15 These
low molecular weight polymer additives (Table 2) keep
engines running efficiently with less complications.13,16 Never-
theless, as noted previously, the additives do not always
perform as expected, resulting in engine deposits liable to cause
future problems. For this reason, structural characterization of
these unknown deposits is imperative in the automotive
industry.
While fuel and lubricant components are largely nonpolar

(cf. Table 1), the more polar ingredients are often responsible
for the formation of engine deposits17 due to their heteroatom
functionality (primarily amines, thiols, and ethers), which
promotes attractive intermolecular interactions and aggrega-
tion. These deposits compromise engine performance, making
necessary their identification, so that cleaner burning fuels can
be developed. Mass spectrometry (MS) provides composi-
tional and structural information by generating and analyzing

Received: August 11, 2020
Revised: December 11, 2020
Published: December 29, 2020

Table 1. Major Components of Motor Oil Packages13

motor oil component %

base oils 75−95
viscosity index improvers 5−10
additive package 8−15
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ions, a process that is generally more easily applied to polar,
heteroatom containing molecules; hence the more polar engine
deposits are uniquely amenable to this technique.
Various mass spectrometry methods have been used for the

analysis of petroleum-based fuels and lubricants,17,18 including
tandem mass spectrometry (MS/MS), liquid chromatography-
MS (LC-MS), ion mobility-MS (IM-MS), and atmospheric
solids analysis probe-MS (ASAP-MS).19−22 The most recently
introduced ASAP-MS technique23 allows for the direct analysis
of liquid and solid samples with little to no sample
preparation.24 This feature makes ASAP-MS particularly
appealing for the analysis of fuels and fuel byproducts, as it
bypasses solubility issues and time-consuming extraction
processes.25,26 MS/MS, LC-MS, and IM-MS can also provide
useful analytical information about these samples; specifically,
MS/MS can reveal connectivity insight about the ions
observed by MS,27 whereas the LC and IM event add
necessary separation dimensions to deconvolute complex
spectra.18,27,28 Several of these techniques can also be
interfaced with one another to reduce sample complexity,
speed up the analysis, and augment the derived structural
information. For example, ASAP-IM-MS has been employed
for the rapid analysis of lubricants,25 while LC-MS/MS has
aided the identification of the functional groups in fuels.27

Collaborative application of multiple techniques, in series (i.e.,
hyphenated on the same instrumentation) or in parallel (i.e.,
using different instruments) not only provides an added
dimension of separation, but also unveils multiple chemical
properties, including primary structure (via MS/MS), polarity
(via LC), and 3D shape (via IM), which facilitates the analysis
of inherently complex samples, like fuels and lubricants/
additives. In this study, such a multidimensional approach was
utilized to characterize deposition solids in vehicular engines
using petroleum by matrix-assisted laser/desorption ionization
mass spectrometry (MALDI-MS), ASAP-MS, LC-IM-MS, and
a postacquisition data evaluation method (Kendrick Anal-
ysis).29 These techniques were used collaboratively in order to
gain a comprehensive understanding of the unknown deposit
for future prevention.

■ MATERIALS AND METHODS
The solvents used for mass spectrometry analysis, methanol (MeOH)
and tetrahydrofuran (THF), were acquired from Fisher Chemical
(Fair Lawn, NJ). Sodium trifluoroacetate (NaTFA; Fluka Analytical,
St. Louis, MO) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB; Sigma-Aldrich, St. Louis,
MO) served as cationizing salt and matrix, respectively, in the
MALDI-MS experiments. All chemicals were used as received. The
samples analyzed were obtained from an industrial automotive
company (proprietary) as black solids; they were collected from the
head of the air-intake valve of engines run on fossil fuel after traveling
distances of >100 km. Due to the unknown composition of the solids,
and comparative engine oil guidelines, the samples were handled with
extreme care, using adequate personal protective equipment (PPE).
MALDI-MS Experiments.MALDI mass spectra were recorded on

a Bruker UltraFlex III MALDI tandem time-of-flight (ToF/ToF)
mass spectrometer (Bruker, Billerica, MA) equipped with a Nd:YAG

laser emitting at 355 nm. The instrument was operated in positive ion
reflectron mode (resolving power ∼25 000 fwhm). Black, solid
samples retrieved from engine in-take valves were extracted into THF
for MALDI-MS analysis; 10 mg was mixed with 1 mL of THF to form
analyte solutions at an approximate concentration of 10 mg mL−1

(partial solubility). DCTB was dissolved in THF at 20 mg mL−1, and
NaTFA in MeOH at 10 mg mL−1; these solutions were mixed in the
ratio 10:1 (v/v), and ∼1 μL of the resulting mixture was spotted onto
the MALDI target plate and allowed to dry under ambient conditions.
Subsequently, ∼1 μL of analyte solution was deposited on top of the
dry matrix/salt spot, followed by another deposition of ∼1 μL of
matrix/salt solution on top of the dry sample (sandwich method).
Sodiated poly(methyl methacrylate) (Mn = 2000 Da) was used for
same day calibration. Bruker’s FlexAnalysis software was used for data
analysis.

Post-Acquisition Data Analysis. Kendrick analysis of the
MALDI-MS data was performed by importing the raw data retrieved
from the FlexAnalysis software into an Excel program developed at
AIST (Advanced Industrial Science and Technology, Tsukuba,
Japan).30 The Kendrick mass (KM) values of the observed ions
were calculated according to eq 1, in which R/x is the fractional base
unit (x ≥ 1) used to create Kendrick plots and m/z the ion’s mass-to-
charge ratio.29−31 The corresponding Kendrick mass defects (KMDs)
were obtained according to eq 2, i.e., by subtracting the KM from the
nominal mass of the ion (NKM). Kendrick displays were derived by
plotting Kendrick mass defect (KMD) vs m/z. The best visualization
(i.e., optimal separation of the detected polymer distributions) was
achieved using R = 100.052 (IUPAC or exact mass of a PMMA repeat
unit) and x = 1.
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LC-IM-MS Experiments. LC fractionation of the engine deposit
was performed using an ACQUITY ultraperformance liquid
chromatography (UPLC) ethylene bridged hybrid (BEH) C18
column (50 × 2.1 mm; 1.7 μm particles) on a Waters ACQUITY
UPLC system hyphenated to a Waters Synapt HDMS quadrupole/
time-of-flight (Q/ToF) mass spectrometer (Waters, Milford, MA).
Aliquots from the partially soluble 10 mg mL−1 THF extract were
diluted with methanol prior to LC-MS to obtain solutions with an
approximate concentration of 0.01 mg mL−1 in 9:1 MeOH:THF (v/
v). NaTFA was added as a cationizing agent to aid in the ionization of
the polymeric species present. The samples were filtered with an
Acrodisc syringe filter (polyvinylidene difluoride membrane, diameter
13 mm, pore size 0.2 μm) before analysis. A gradient elution protocol
was applied, using mobile phases A (water with 0.1%, v/v, formic
acid) and B (methanol with 0.1%, v/v formic acid).18 Solvent
composition was changed as follows: 80% B for 0−0.5 min, 100% B
for 0.5−10.0 min, and column flushing with 100% B for 10.0−15.0
min.18 The injection volume, column oven temperature, and flow rate
were 10 μL, 50 °C, and 0.5 mL min−1, respectively. The eluates were
directly fed into the electrospray ionization (ESI) source of the mass
spectrometer, which was operated under the following conditions:
positive ion mode (resolving power ∼30 000 fwhm); ESI potential,
3.8 kV; sample cone voltage, 60 V; extraction cone voltage, 3.8 V;
source temperature, 80 °C; desolvation gas (N2) temperature, 150
°C; desolvation gas flow rate, 700 L h−1.

Table 2. Polymer Additives in Engine Oil and Their Applications11

polymer structure polymer name application

−[Si(CH3)2−O]n− poly(dimethylsiloxane) antifoaming agent, dispersant
−[O−CH2−CH(CH3)]n− poly(propylene glycol) detergent
−[CH2−C(CH3)2]n− poly(isobutylene) detergent, dispersant
−[CH2−C(CH3)(COOCH3)]n− poly(methyl methacrylate) viscosity modifier
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The Synapt Q/ToF mass spectrometer is equipped with a traveling
wave (TW) ion mobility (IM) functionality between the Q and ToF
mass analyzers.32 LC-IM-MS experiments were run by applying a TW
field to the IM cell which was pressurized with N2 bath gas at a flow
rate of 22.7 mL min−1; the TW height and TW velocity were 7 V and
350 m s−1, respectively.
ASAP-MS Experiments. ASAP-MS experiments were run on the

Synapt Q/ToF mass spectrometer (vide supra) by switching the ESI
with the Waters ASAP source; the latter source provides a hot stream
of nitrogen gas (flow rate 900 L h−1), whose temperature can be
adjusted between 50 and 500 °C to cause desorption and thermal
degradation of the sample, which is mounted on a glass capillary. The
ASAP source is equipped with an atmospheric pressure chemical
ionization (APCI) device (corona discharge) for in situ ionization of
the desorbates and degradants. A black, solid sample was applied to
the ASAP capillary by dipping it into the engine deposit. Methanol
was placed in the source in a 20 mL vial to induce protonation. The
temperature of the N2 stream was increased gradually within 50−500
°C over 15 min, at a rate of 50 °C min−1 from 50 to 200 °C (first 3
min) and 25 °C min−1 from 200 to 500 °C (minutes 3−15).
Subsequently, isothermic runs were continued at 500 °C until
ionization was no longer observed.

■ RESULTS AND DISCUSSION

MALDI-MS Fingerprinting of Engine Deposit Extract.
The engine deposit investigated gave rise to four polymer
distributions upon MALDI-MS analysis (Figure 1). The major
distribution is annotated with red triangles and has a 58-Da
repeating unit. This repeating unit mass corresponds to a
poly(propylene glycol) (PPG), a widely used detergent in
fuels/lubricants, especially when harboring amine function-
alities at its chain ends; such PPGs are referred to as polyether
amines.14 As an oxygen rich polymer, PPG is readily ionized by
Na+ adduction.33−35 For this reason, a sodium salt was used as
cationization agent in the MALDI-MS experiments (vide
supra). Accurate mass measurement of the [M + Na]+ ions in
the major PPG distribution confirms a summed end group
mass of 58n + 46 Da, which agrees well with the polyether
diamine connectivity H2NCH2CH2−[OCH2CH(CH3)]n−
OCH2CH2NH2 (summed end groups mass of 58 + 46 =
104 Da; C4H12N2O). For example, the calculated mono-
isotopic m/z ratio for the 23-mer of this PPG is 1462.048,
which matches within <10 ppm the measured value of
1462.062. It should be noted at this point that accurate mass
measurement corroborates the diamine nature of the main

distribution but not necessarily the above given sequence; the
two ethylene oxide units required to account for the measured
mass were arbitrarily placed at the chain ends but could also be
located in central positions. Sequence analysis might be
possible via MS/MS,35 but this elaborate issue is beyond the
scope of this study.
A further, minor PPG distribution of [M + Na]+ ions

appears 38 Da higher in mass than adjacently located
oligomers of the major product described above. It has been
labeled with purple triangles in Figure 1 and is denoted as
PPG* for differentiation. Accurate mass measurement reveals a
summed end group composition of C6H12, 84 Da (= 58 + 26
Da), strongly suggesting the chain connectivity C6H11−
[OCH2CH(CH3)]n−H. The sodiated 30-mer of this distribu-
tion is observed at m/z 1848.377, which agrees well with the
calculated monoisotopic m/z of 1848.340. It is worth
mentioning again, that our mass analysis only indicates the
total end group mass and a plausible composition, not how the
elements of C6H12 may be split among the two end groups; in
the chain structure shown, the entire C6 moiety was attached at
one chain end to maintain a PPG repeating unit at the other
chain end.
The second most intense distribution (green squares) has a

100-Da repeat unit, indicative of poly(methyl methacrylate)
(PMMA), a known viscosity modifier.13 PMMA is also
sodiated upon MALDI due to its oxygen rich backbone. The
accurate m/z values of the [M + Na]+ ions from this product
indicate a summed end group mass of 100n + 2 Da, consistent
with the chain structure H−[CH2C(CH3)(COOCH3)]n−H.
The calculated monoisotopic mass of the sodiated 20-mer is
2026.054, which is in excellent agreement with the measured
m/z of 2026.052 (1 ppm difference). This PMMA distribution
shares an isobaric oligomer with the major PPG distribution at
m/z 1926, where the [M + Na]+ ions from PMMA19
(monoisotopic mass of 1926.002) and diamine-capped
PPG31 (1926.382) overlap. This adds complexity to the
spectrum, necessitating further separation (vide infra).
The least abundant of the detected distributions has a repeat

unit of 56 Da, indicative of polyisobutylene (PIB), a known oil
detergent.13,14 Generally, PIB is capped with amine group(s)
when applied in fuel additives (vide supra). This, and any other
heteroatom functionalities added, make PIB ionizable by
MALDI.36 As a nonpolar, saturated polymer, PIB would be

Figure 1. MALDI-MS spectrum of an unknown engine deposit obtained from the air-intake valve of a vehicular engine. The polymer distributions
observed are labeled by different signs; the numbers 1−4 indicate single oligomers from each distribution, which are discussed in the text.
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otherwise difficult to observe by MALDI-MS, which explains
the low intensity of its distribution. Amine functionalization
can make low mass oligomers observable as [M + H]+ ions.36

The MALDI-MS data (Figure 1, blue circles) indicate a
summed end group mass of 56n + 36 Da. A recently invented
family of PIB amines reconciles this result;37 they carry amine
and ether substituents that would enable ionization by
protonation and, hence, MS detection in the form of [M +
H]+ ions. Our MALDI-MS analysis is consistent with a PIB
amine having the structure37 CH3−[CH2C(CH3)2]n−CH2CH-
(OH)CH(CH3)CH2−[N(CH3)CH2]3−NHCH3 (total end
group mass = 56 × 4 + 36 = 260 Da). The 18-mer of this
polymer has a calculated monoisotopic m/z of 1270.392,
which agrees within 0.016% with the measured m/z of
1270.197; the mass accuracy for this low-intensity, near noise
level distribution is expectedly poorer than for the other
polymers observed in the deposit. This problem is convoluted
by isobaric overlap of [M + H]+ from PIB19 amine (m/z
1326.455) and [M + Na]+ from PMMA13 (m/z 1325.687).
Because of such isobar superposition, which is observed
multiple times in the m/z 1000−2000 range, the MALDI-MS
spectrum was processed by Kendrick analysis to better
visualize the composition of the polymer blend in the engine
deposit studied.
Modified Kendrick Analysis. Kendrick analysis usually

calculates mass defects by normalizing masses relative to the
mass of CH2, which serves as base unit (14.01565 is set equal
to 14.00000). The modified approach employed here
normalized masses (or m/z ratios) using a fraction of a
polymer repeat unit (R/x), cf. eq 1. Using such fractional base
units has been shown to intensify separation among the
components of a (co)polymer blend, thereby providing a
better picture of sample composition and of minor variations
among different samples.38,39 It should be noted that Kendrick
analysis is generally performed with m/z data measured with
very high mass accuracy, as available with spiral-ToF or Fourier
transform MS instrumentation; nevertheless, m/z data
obtained with the ToF/ToF mass spectrometer utilized here
also provide adequate Kendrick plots that reveal valuable
compositional insight, as demonstrated in Figure 2, which was
obtained with R = 100.05243 (monoisotopic IUPAC mass of

the PMMA repeat unit) and x = 1. Application of this R/x base
unit enabled clear, visual separation of three different
homopolymers coexisting over a 1000 Da range in the
polymer blend analyzed (PPG, PMMA, and PIB). Subtle
separation of two homopolymers differing only in their end
groups (i.e., PPG and PPG*) was also achieved. A comparable
visual representation was obtained with R = 58.04186
(monoisotopic IUPAC mass of the PPG repeat unit) and x
= 1, cf. Figure S1. Both plots show approximately horizontal
alignment for the polymer selected for the R/x base unit,
validating the identity of this polymer.31

ASAP-MS of Engine Deposits. Insolubility can be a
discriminating factor when analyzing deposited particulate. To
circumvent the issue, ASAP-MS was employed, which can
ionize solid samples via thermal desorption and/or thermal
degradation depending on sample volatility and ASAP
temperature. ASAP-MS has been performed by other groups
to examine crude oil and gasoline additives,25,26,40,41 focusing
on the molecular weight distribution (MWD) of the
products40,41 and characterization of the ion distributions
resulting from known, authentic polymeric additives in
petroleum.25,26 Here, the ASAP-MS method is applied for
the first time to unknown solid vehicular engine deposits to
characterize the types of polymers present in such samples and
also assess their molecular structure identities. ASAP-MS
experiments were run using thermometric gradient ramping or
isothermic conditions. Temperature is the most vital parameter
in ASAP-MS, comparable to the mobile phase in liquid
chromatography. Separation is dictated by the differing boiling
points of the materials present. During a 50−500 °C ramp over
15 min, volatilization of the sample began at approximately 325
°C (cf. Figure 3a). The mass spectrum extracted at this
temperature shows two PPG distributions of similar intensity
(Figure 3b). One consists of low mass PPG oligomers with the
same end group substituents as the main PPG distribution
observed in the MALDI-MS spectrum (cf. peaks labeled by red
triangles in Figures 1 and 3b). Under ASAP conditions, this
polyether diamine forms [M + H]+ ions, with the 7-mer
appearing at m/z 511.400 which matches within 8 ppm the
theoretically expected value of 511.396 for this chain size. The
second PPG distribution is labeled by green upside-down
triangles and corresponds to PPG with H− and −OH end
groups. The [M + H]+ ion of its 9-mer is observed at m/z
541.397, which agrees very well with the calculated m/z of
511.395 (4 ppm difference). These low mass PPGs were not
detected in the MALDI-MS experiment due to matrix
interferences in the same mass region.
Very similar ASAP-MS spectra were extracted above 325 °C;

however, at the higher temperatures, thermal degradation
becomes progressively prominent, leading to increased
intensities of low mass ions that differ by a CH2 (14 Da)
unit (vide infra). In fact, the rise in total ion intensity at ∼14
min (Figure 3a) mainly results from such degradants.
In order to observe higher boiling point material without the

noise of low mass 14-Da distributions, an isothermic 500 °C
“bake-out” was carried out for the engine deposit (cf. Figure
4a). The sample was introduced to the ASAP source at 500 °C
(maximum possible) and allowed to volatilize/desorb until
ions were no longer observed. The first peak at 0.75 min
confirmed the presence of the polymers described above
(Figure 3b). Conversely, the mass spectrum extracted from the
peak at 1.35 min reveals a PIB distribution, cf. Figure 4b, on
top of degradant noise with a 14-Da repeat unit. The exact m/z

Figure 2. Kendrick plot of the unknown engine deposit contents as
observed by MALDI-MS and visualized by Kendrick analysis (using R
= 100.05243 as base unit). Each sign represents a single oligomer and
sign size is proportional to the oligomer’s relative abundance in the
MALDI-MS spectrum. The four polymer distributions observed
(PMMA, PPG, PPG*, and PIB) are labeled in different colors.
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values of the PIB product indicate a similar composition to that
observed upon MALDI-MS plus one C2H4O unit; a plausible
structure is included in Figure 4b. The protonated 8-mer of
this PIB has a theoretical monoisotopic m/z ratio of 753.792
and is detected at m/z 753.790 (3 ppm agreement), providing
credence for the proposed structure. The extra C2H4O unit
was attached as a − CH2OCH3 ether to the OH group of the
PIB found by MALDI-MS, viz. CH3−PIB−CH2CH(OH)CH-
(CH3)CH2−[N(CH3)CH2]3−NHCH3, but might alterna-
tively be present as a −CH2CH2O− segment within the
main chain of the polymer. It is unlikely that the C2H4O unit is
attached as a −CH2CH2OH end group, as such a moiety
would easily lose water at the temperature used.
The products released from the engine deposit by isothermic

heating at 500 °C for longer times were also examined. The
mass spectra extracted from the ASAP-MS thermogram in
Figure 4a at 2−6, 6−10, and 10−14 min are depicted in
Figures S1a,b and S2, respectively. In the 2−6 and 6−10 min
windows, PPG diamine (labeled by red triangles in Figure S2)

as well as a thermal decomposition product of this compound
(blue squares) are observed. Expectedly, the PPG diamine
oligomers volatilized at 500 °C have longer chains than those
volatilized at 325 °C, cf. Figure S2 vs 3b. The thermal
degradant is missing the elements of NH3, indicating that
ammonia elimination from one chain end proceeds efficiently
during prolonged heating at 500 °C. It is noteworthy that the
PPG diamine is only observed in protonated form, viz. [M +
H]+, whereas the degradant gives rise to a mixture of
protonated ions ([M + H]+), radical cations (M+•), and
immonium cations ([M − H]+); all three of the latter species
can be formed during atmospheric pressure chemical
ionization (APCI) of amines.42

Increasing the exposure time at 500 °C from 2−6 to 6−10
min changes the resulting ASAP-MS spectrum only slightly (cf.
Figure S2b vs S2a). The PPG diamine distribution appears to
gain in relative intensity as time increased at constant
temperature. This trend suggests that this distribution has a
slightly higher boiling point than the degradation product,

Figure 3. (a) ASAP-MS thermogram of the unknown engine deposit from 50 to 500 °C, indicating that volatilization and thermal desorption starts
at ∼325 °C. (b) Extracted mass spectrum from 8.00 to 8.50 min (m/z 500−1000 range), showing two PPG distributions (58-Da repeat unit) and
their structures. A minor third distribution (marked by *) arises from a PIB (56-Da repeat unit) discussed with Figure 4.

Figure 4. (a) Isothermic ASAP-MS thermogram (500 °C held for 30 min). (b) Mass spectrum extracted from the peak at 1.35 min, where a PIB
distribution is detected.
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consistent with its more polar end groups vis a  vis those of the
degradant. Different end groups on the same bulk polymer
evidently have an effect on the physical properties, if the overall
molecular weight is low.
At even longer heating times solely degradation products are

observed, as attested by the spectrum in Figure S3, which was
acquired from the oligomers released from the engine deposit
during 10−14 min heating at 500 °C. Now, only the
degradation product of PPG diamine is observed (blue squares
in Figure S3), along with an additional PPG degradant (orange
triangles), having C3H5− and −H end groups; the latter
degradant may originate from the PPG* component detected

upon MALDI-MS (vide supra). Surprisingly, the 10−14 min
heating also produced a polyethylene (PE) distribution, which
is marked by red ovals in Figure S3. PE is not usually part of an
additive package, but it is often used in the tubing and tanks of
vehicles,43 from where it can potentially be extracted into the
engine oil or fuel. This saturated hydrocarbon polymer is not
detectable by MS techniques, unless it is derivatized with polar
substituents. Such functionalization can, however, take place
through thermal-oxidative degradation via radical intermedi-
ates in the vehicular engine44,45 and/or the ASAP source.46

The PE oligomers detected are attributed to short, oxidized

Figure 5. (a) LC-MS total ion chromatogram of the unknown engine deposit. (b) LC-MS spectrum extracted from the broad peak stretching from
6 to 14 min; see Figures S4 and S5 for the mass spectra extracted from the peaks at 1.68 and 4.25 min, respectively. (c) 2D LC-IM mobilogram of
the engine deposit, showing five polymer distributions, which have been encased in ovals (see Figure S6 for a mobilogram in warmer colors); the
mass spectra extracted from the encased LC-IM bands are shown in Figures 6 and 7.

Figure 6. LC-IM-MS spectra extracted from bands 1−3 of the mobilogram in Figure 5c, showing (a,b) singly or (c) doubly charged PPG
distributions with (a,c) diamine or (b) H/OH end groups. (a) [M + Na]+ ions at the marled m/z values and [M + NH4]

+ ions (labeled by ◊) 5 m/
z units lower. (b) [M + Na]+ ions and their m/z values. (c) [M + 2Na]2+ or [M + Na + NH4]

2+ ions and their m/z values; the ammoniated species
are labeled by ◊. The mass difference between adjacent oligomers is 58 Da (mass of PPG repeat unit) in all spectra; the m/z distance between
adjacent oligomers is (a,b) 58 and (c) 29 m/z units.
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chains formed by such a process from PE leaked into the
additives that ended up in the solid engine deposit analyzed.
ASAP-MS provided useful analytical information about the

engine deposit, as several of the species observed by MALDI-
MS could be confirmed by this orthogonal technique. The
ASAP procedure is harsh, however, creating new end groups
through thermal degradation. For this reason, LC-IM-MS was
employed as an additional tool for the molecular structure
determination of the constituents of the solid engine deposit.
LC-IM-MS Analysis of Engine Deposit Extracts. The

LC-IM-MS experiments employed online multidimensional
separation of the engine deposit, followed by ESI-MS
characterization of the separated components. ESI permits
online IM analysis of the LC eluates, which is generally
impossible with MALDI. The multidimensional separation
combined reversed-phase liquid chromatography (RP-LC),
which fractionates based on polarity and hydrophilicity/
hydrophobicity balance,47−49 with ion mobility spectrometry,
which disperses based on charge and collision cross-section
(CCS is a parameter describing size and shape, analogous to
hydrodynamic volume).32,35,48−50

The RP-LC step separated the polymeric components of the
engine deposit from low-molecular weight polar constituents
which are eluted from the column within the first few minutes,
giving rise to the fractions peaking at 1.68 and 4.25 min, cf.
Figure 5a. The mass spectra extracted from these early eluting
peaks confirm the presence of common engine oil additives in
the engine deposit analyzed, including corrosion inhibitors,
antioxidants, and friction modifiers (cf. Figures S4−S5).
Increasing the mobile phase hydrophobicity caused the elution
of a broad “polymer blend” peak, stretching from approx-
imately 6 to 14 min (Figure 5a). The corresponding LC-MS
spectrum (Figure 5b) shows several polymer distributions,

which cannot be confidently differentiated and interpreted due
to significant overlap.
Using ion mobility as an orthogonal dimension of separation

of the LC eluates enables deconvolution of the superimposed
distributions, as is evident from the 2D LC-IM plot
(“mobilogram”) in Figure 5c. The ions present in this
mobilogram can be grouped into five different bands, labeled
1−3 and 4a-4b. The corresponding LC-IM-MS spectra
(Figures 6 and 7) reveal that LC-IM bands 1−3 arise from
PPG oligomers with different end groups or charges, whereas
bands 4a and 4b arise from PE oligomers in different levels of
oxidation; a detailed spectral interpretation is provided below.
The major ion series in the LC-IM-MS spectrum of band 1

(Figure 6a) is comprised of sodiated and ammoniated (◊)
PPG oligomers with diamine end groups and a total end group
mass of 104 Da (see also Figure S7). The ammoniated species
appear 5 m/z units lower than the corresponding sodiated
species, reflecting the mass difference between the Na+ and
NH4

+ charges. The diamine-capped [PPG19 + Na]+ ion from
this distribution is observed at m/z 1229.884, which matches
excellently the calculated value of 1229.880. This PPG diamine
detergent has been consistently observed with all methods
employed and must evidently be a major constituent of the
solid engine deposit analyzed.
The PPG diamine also forms doubly charged [M + 2Na]2+

and [M + Na + NH4]
2+ ions, which are detected in LC-IM

band 3; the LC-IM-MS spectrum extracted from this band
(Figure 6c) expectedly shows n-mers every 29 m/z units (58/
2) in accordance with the 2+ charge state of this distribution
(see also Figure S7). Again, the agreement between measured
and calculated m/z data is excellent, as attested by diamine-
capped [PPG30 + Na + NH4]

2+ which is observed at m/z
943.182 and has a theoretical m/z value of 943.188.

Figure 7. LC-IM-MS spectra extracted from bands 4a/4b of the mobilogram in Figure 5c, showing sodiated PE chains carrying (a) 4 or (b) 3
oxidized repeat units formed by CH2 → CH(OH) oxidation via radical intermediates in the vehicular engine. The ions observed at m/z (a)
761.709 and (b) 745.734 correspond to 24-mers with (a) 20 and (b) 21 unoxidized repeat units, respectively. The corresponding calculated m/z
values are (a) 761.736 and (b) 745.741, respectively.
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A third PPG distribution is observed in LC-IM band 2,
located in the 2D LC-IM mobilogram between bands 1 and 3
(cf. Figure 5c). The m/z data of its n-mers in the extracted
mass spectrum (Figure 6b) agree well with sodiated PPG
chains H/OH end groups (total end group mass of 18 Da).
The measured and calculated m/z values of the 16-mer from
this distribution are 969.671 and 969.670, respectively (within
1 ppm), corroborating the assigned composition.
LC-IM bands 4a and 4b exhibit very similar LC-IM (i.e.,

polarity and ion mobility) characteristics but are still
sufficiently separated to allow for extraction of individual
mass spectra, which are shown in Figure 7a,b. Both these
spectra contain oligomer distributions with a repeat unit mass
of 28 Da, which is diagnostic of PE. As mentioned before, PE is
difficult to ionize by ESI, unless it is functionalized with
heteroatoms that can bind a proton or metal ion. The m/z data
of the peaks present in Figure 7a are consistent with [M +
Na]+ ions of oxidized PE chains with the composition H−
[CH2CH2]n−[CH2CH(OH)]4−H and a summed end group
and substituent mass of 66 Da; similarly, the m/z data in
Figure 7b agree well with the composition H−[CH2CH2]n−
[CH2CH(OH)]3−H and a summed end group and substituent
mass of 50 Da (see also Figure S8). Such PE chains can arise
by oxidation of their CH2 to CH(OH) groups. ESI is a soft
ionization method that generally does not alter analytes; hence,
the oxidized PE species detected must have been formed in the
vehicular engine,44,45 from PE leaked into the additives (vide
supra). It is noteworthy that the PE chains detected by ASAP-
MS are more highly oxidized (cf. Figure S3), documenting that
further oxidation can occur upon ASAP-MS.46 The oxidized
CH(OH) units are probably distributed randomly along the
PE chain.
The polymeric components of the engine deposit identified

by LC-IM-MS are amphiphilic oligomers. Their poor
fractionation upon RP-LC (cf. Figure 5a) is consistent with
comparable polarities; hence, the separation achieved after 2D
LC-MS must be due to unique ion mobilities of the ions
formed from the coeluting mixtures. In IM experiments, ions
travel through an electric field, applied to a cell filled with a
bath gas.50 The field propels the ions forward, while ion
collisions with the bath gas slow down this forward motion.
The drift time through the IM cell depends on the ions’ charge
and size/shape as described by their collision cross-section
(CCS). Generally, ions in higher charge states and with smaller
CCS drift faster than ions with the opposite features.32,35,48−50

Table 3 summarizes the measured drift times of ions formed
from the oligomers coeluting at 9.5−10.0 min (Figure 5a).
Expectedly, doubly charged PPG diamine has a shorter drift
time than all other ions which are singly charged. On the other
hand, singly charged PPG diamine drifts faster than PPG with
H/OH end groups in spite of its larger mass, most likely
because intramolecular interactions between its amine end
groups give rise to a more compact conformation than that of
PPG with H/OH end groups. Finally, the two oxidized PE
chains, should have rather linear conformations, similar to that
of PPG with water end groups; their lower drift times reflect
the much smaller mass of the PE chains eluting at the same
time as PPG with H/OH end groups. Very similar trends are
observed for the mixtures coeluting at other retention times.
The foregoing discussion highlights the benefit of using two

orthogonal separation techniques, viz. ion mobility and liquid
chromatography, when analyzing a complex mixture. LC gives
rise to a broad peak for the polymeric constituents of the

engine deposit (Figure 5a). Without further separation,
differentiation of the polymer distributions present is difficult,
as multiple homopolymers and their respective charge states
are superimposed (Figure 5b). 2D LC-IM dispersion
combined with ESI-MS helped to resolve this problem,
enabling the identification of several low molecular weight
polymers. Among them, a new PPG with water (H/OH) end
groups was observed, which is different than the PPG detected
via MALDI-MS. Further, the presence of oxidized polyethylene
in the solid engine deposit, which was suggested by ASAP-MS,
could be confirmed by LC-IM-MS.

■ CONCLUSIONS
In this study, deposits accumulated in the air in-take valve of
vehicular engines were analyzed by a palette of mass
spectrometry techniques, encompassing MALDI-MS with
postacquisition Kendrick analysis, ASAP-MS, and LC-IM-MS.
Collaboratively, these methods established that various low
molecular weight polymers often added to (or leaked into) fuel
or lubricants are also present in the deposits, including PPG,
PMMA, PIB, and PE.
The composition of polymer blends that give convoluted

mass spectra could be effectively visualized by postacquisition
Kendrick analysis using fractional base units. Our study also
affirmed that different mass spectrometry techniques can be
used cooperatively, either in series (as in LC-IM-MS) or in
parallel (as in MALDI-MS vs ASAP-MS vs LC-MS), for the
elucidation of complex fuels and fuel byproducts; this
approach, which had been applied previously to fuels and
fuel additives,17,19,20,22,26 was successfully extended in this
study for the first time to vehicular engine deposits. Overall,
specific low molecular weight polymer structures could be
detected and identified in a completely unknown sample that
was examined using various separation methods and accurate
mass measurements. Such information is more challenging to
acquire, but definitely more insightful as compared to analyses
that only report molecular weight distributions or analyses of
known and purposely prepared mixtures. The drawback of
investigating a complete unknown is that it is difficult to ensure
that all ingredients are elucidated.
The (macro)molecular components found in the deposit are

polar or amphiphilic; thus, they contain the structural features
needed to develop noncovalent intermolecular interactions, via
hydrogen bonding, electrostatic attraction, and/or coacerva-
tion, which are thought to be the cause of deposition/
particulate accumulation in vehicular engines.17 Assessing the

Table 3. IM Drift Times of Ions from Oligomers Eluting in
the LC Fraction at 9.5−10.0 min

IM-MS
band oligomer iona,b m/z

mass
(Da)

drift
time
(ms)

1 H2NCH2CH2−
[OCH2CH(CH3)]22−
OCH2CH2NH2

a

1404.0 1404.0 8.7

2 H−[OCH2CH(CH3)]16−OHa 969.7 969.7 13.6
3 H2NCH2CH2−

[OCH2CH(CH3)]23−
OCH2CH2NH2

b

742.5 1485.0 8.2

4a H−[CH2CH2]17−
[CH2CH(OH)]4−Ha

677.6 677.6 9.5

4b H−[CH2CH2]19−
[CH2CH(OH)]3−Ha

689.6 689.6 9.7

a[M + Na]+ ions. b[M + 2Na]2+ ions.
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nature of the polar or amphiphilic components present in these
deposits provides a better understanding of these unintended
byproduct buildups and facilitates progress toward their
prevention.
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