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1. Introduction

Time resolved growth of (N)-polycyclic aromatic
hydrocarbons in engine deposits uncovered with
OrbiSIMS depth profilingt

Max K. Edney, {22 Wenshi He, 2 Emily F. Smith,® Edward Wilmot,®
Jacqueline Reid,? Jim Barker,® Rian L. Griffiths, i’ ® Morgan R. Alexander,
Colin E. Snape® and David J. Scurr (2 *°

b

Carbonaceous deposits are ubiquitous, being formed on surfaces in engines, fuel systems and on catalysts
operating at high temperatures for hydrocarbon transformations. In internal combustion engines, their
formation negatively affects worldwide vehicle emissions and fuel economy, leading to premature deaths
and environmental damage. Deposit composition and formation pathways are poorly understood due to
their insolubility and the intrinsic complexity of their layered carbonaceous matrix. Here, we apply the
in situ high mass resolving power capabilities of 3D Orbitrap secondary ion mass spectrometry (3D
OrbiSIMS) argon cluster depth profiling on 16 lab grown deposits and evidence common molecular distri-
butions in deposit depth and in positions relative to the combustion chamber. We observe the products
of the growth of both planar and curved polycyclic aromatic hydrocarbons to form small fullerenes over
time in the engine and propose possible formation pathways which explain the molecular distributions
observed. These include alkyl scission, cyclisation of aliphatic side chains and hydrogen abstraction C,H,
addition to form larger aromatic structures. We apply this pathway to previously unidentified nitrogen
containing structures in deposits including quinolines and carbazoles. For the first time, 3D OrbiSIMS
results were compared and validated with data from atmospheric pressure matrix assisted laser desorption
ionization MS. The comprehensive characterization provided will help the development of a new gene-
ration of chemical additives to reduce deposits, and thus improve vehicle emissions and global air quality.

these species. Deposits can lead to a catastrophic increase in
emissions of gaseous pollutants, particulates and a reduced

Gasoline direct injection equipment is implemented in most
light passenger vehicles today."” It is proposed that vehicles
with internal combustion engines will be the most common
type of passenger vehicle used in 2040. Ensuring high
efficiency and low emissions of these engines for their lifetime
is therefore vital. However, the breakdown and reactivity of
complex fuel mixtures leads to deposit formation and their
complexity partially results from the fact that they contain
species derived directly from fuel and from the reactivity of
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efficiency from internal combustion engines and so threaten
the strive for cleaner operating vehicles.>*”” Therefore, mitigat-
ing deposits will reduce the cost of fueling vehicles, reduce
pollution and improve air quality. Current work aims to miti-
gate deposits by developing deposit solubilizing fuel additives
or by suppressing adverse reactions which cause deposit for-
mation and growth. Both strategies rely on understanding the
composition, origin and formation pathways of deposits.>™*
However, the complexity of the organic matrix and its layered
nature means that probing its formation is difficult and there
is limited understanding into how a thin film layer transforms
into a carbonaceous deposit. Due chiefly to analytical limit-
ations since most techniques offer only generic chemical infor-
mation and cannot probe material provenance.'' Work has
been carried out into understanding how fuel mixtures
undergo the initial stages of deposit formation by leakage in
the injector, oxidation and adhesion to the engine component
wall, leading to some initiation mechanisms being
proposed.”>™* This, however, has not been aligned with
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analytical data from real-world samples and has yet to
explain how the reactions precipitate into a layered carbon-
aceous deposit. To do this we should turn to high resolution
mass spectrometry (MS) techniques, such as atmospheric
pressure matrix-assisted laser desorption/ionization MS
(AP-MALDI-MS). This technique has been used to analyze
insoluble carbonaceous materials and has revealed possible
pathways of formation of polycyclic aromatic hydrocarbons
(PAHS) by looking at neutral losses of ions in 1 dimensional
spectra.”>'® But this does not give spatial information
with either depth nor lateral position on a given sample type.
Ordered carbonaceous material has been identified in
deposits using Raman spectroscopy and transmission electron
microscopy,'” which opens the possibility of formation of
flat graphitic type PAHs.'® Flat and curved PAHs can form
from smaller PAHs and can go onward to form soot particles
and their mechanisms of formation have been well
studied.'*>!

To advance this work we propose the use of the 3D
OrbiSIMS depth profiling function to analyse deposits in situ
on fuel injector component surfaces to establish the fate of
molecules once deposited on a surface. This technique com-
bines a low energy gas cluster ion beam to generate relatively
large diagnostic secondary ions in situ for accurate identifi-
cation and confirmation using the high mass resolving power
(>240, 000) and MS/MS (fragmentation/structural characteriz-
ation) capability of the Orbitrap™.>*> Not only can this
approach tackle insoluble samples but it can yield in situ
depth information, and has been successfully used by our
group to elucidate the origin of key species such as alkylbenzyl
sulfonates, succinimides and PAHs in such samples.>® We will
focus on probing the full chemical nature of the deposits as a
function of depth which is correlated with time (i.e. age) of the
deposit, as older deposit regions are accessed with longer sput-
tering times. We compare data from 16 different engine com-
ponents with different origins and elucidate common mole-
cular profiles which were comparable regardless of sample
provenance. The universal nature of our data has important
implications to mitigating deposits across the entire fleet of
gasoline powered vehicles and will therefore bring global
environmental benefit by reducing emissions and improving
air quality.

2. Experimental

2.1. Engine testing bed

All gasoline direct injectors were retrieved from a vehicle with
a 2.0 Liter turbocharged four-cylinder EcoTech LHU engine
produced by General Motors after deliberately causing deposit
formation using a dynometer test bed. The engine test was run
for 100 h at steady state at 1500 rpm. At the end of the test the
injector was removed and replaced, and the test was repeated
using a different gasoline fuel and injector set. Images of the
test rig are in Fig. S1.1
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2.2. Fuels

All gasoline fuels were sourced from the USA from retail
sources. A summary of the fuel composition from gas chrom-
atography electron ionization mass spectrometry analysis per-
formed on the gasoline fuel prior to the test is given in
Fig. S1.t This summarizes the types of compounds present.
We also quantified compositional data (wt%) of each compound
class for all samples aside from injector 7 and 8 (see data repo-
sitory). Injector 7 was run on E10 EEE Lube certification gaso-
line and injector 8 was run on US ‘toptier’ E10 retail gasoline.
After retrieval, all fuel injectors were disassembled into their
constituent parts for analysis, we analyzed deposits in situ on
the injector tip and injector needle of each injector set (photo-
graphed in Fig. S17), a total of 16 samples were analyzed from 8
injector sets. Deposits on two types of fuel injector components
were interrogated in this work. First, the injector tip, which
points into the combustion chamber and experiences high
temperatures. Second, the injector needle, which is housed
inside the injector casing, experiencing lower temperatures.

2.3. 3D Orbitrap secondary ion mass spectrometry

3D Orbitrap secondary ion mass spectrometry (3D OrbiSIMS)
analysis was conducted using a Hybrid SIMS instrument
(IONTOF, GmbH) with the technique outlined by Passarelli
et al.** Secondary ions were collected using the Q Exactive HF
Orbitrap mass analyzer (with a mass resolving power of
240 000 at m/z 200) that was calibrated using Bi;" clusters to
produce secondary ions from a silver strip prior to all sample
measurements. In each case a 20 keV Argq," gas cluster ion
analysis beam was used, which was defocused to 20 pm with a
cycle time of 200 ps, duty cycle of 4.4% using a target current
between 0.2 and 0.3 nA, depending on the sample. Charge
compensation was achieved with a low energy electron flood
gun (21 V) and by regulation of the main chamber with argon
gas (9 x 1077 mbar) to delocalize any accumulation of charge
surrounding the sample. A flow of pressurized nitrogen was
fed to the Orbitrap™ at 12 bar. Sample data was collected over
a mass range of mj/z 75-1125 using SurfaceLab software
(version 7.1.c (IONTOF GmbH)), with the application program-
ming interface provided by Thermo Fisher for control of the
Orbitrap MS portion of the instrument. Data processing was
performed using SurfaceLab Version 7.1.c (IONTOF GmbH).
On all samples, profiles were taken from different areas for
each polarity. We chose areas as close to each other as possible
without overlapping craters. Sample specific parameters such
as analysis areas and times, total ion doses and raster mode
for depth profiling and imaging experiments on all samples
are tabulated in Table S2.7

Instrumental parameters used in single beam depth pro-
files which afforded the highest overall normalized secondary
ion intensity of positively ionizing species were first deter-
mined after repeated depth profiles on injector tip 3. Here,
depth profiles were performed in the same area, using short
analysis times (<10 s) to allow comparison of sequential data-
sets without analyzing significantly different chemistries of
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the deposit. A summary of this work can be found in Fig. S3.}
Settings which afforded both the highest normalized ion
intensity (to the total ion count) and speciation of molecular
peaks were using the Arzp" primary ion beam at an incident
energy of 20 keV with argon flooding of the main chamber to
give a pressure of 9 x 1077 mbar, a nitrogen flow pressure to
the Orbitrap™ analyser of 12 bar and a flood gun energy of 21
ev.

Analysis on injector tip samples were performed in areas
with high levels of carbonaceous deposit formation which
yielded the highest level of secondary ion counts (determined
in instrument set-up). Injector needles deposits on the ‘ball’
were analyzed on all internal samples, this part is closest to
the combustion chamber (Fig. S11). Three extra positions were
analyzed on injector needle 1, 2 and 3 in positions sub-
sequently further away from the combustion chamber. In all
cases the apex of the injector component was analyzed and
was accessed by rotating the sample holder to reveal a ‘new’
apex for positive and negative polarity analysis.

Combined chemical imaging and depth profiling experi-
ments were carried out on injector tips 1, 2 & 3 using the same
settings as single beam depth profiles. Chemical imaging,
where rastering of the primary ion beam over the analysis area
and taking mass spectra at different points to build up an
image of ion intensity over the area was performed using an
Ars000" analysis beam in random raster over a 300 pm?® area
with a non-interlaced border. Acquisition times and resolution
are detailed in Table S2.f Secondary ion images were then
cropped to 200 pm?, normalized to the total ion image, and
scaled to match the intensity at both depths.

MS/MS spectra were all acquired over an analysis time
between 10 s and 50 s in an area of 300 pm” using sawtooth
raster mode. Mass windows were between 1 u and 10 u and
normalized collision energies were between 10 eV and 100 eV
depending on the isolated ion of interest.

2.4. Chemical filtering

SIMS-MFP version 1.1 (molecular formula prediction) software
(MATLAB 2021A) was used to assign species based on elemen-
tal compositions - this is an in-house software package
described in previous work by this group.>! The software takes
an inputted data file (either a spectra output after a peak
search or a depth profile dataset) and the user simply inserts
the elemental constraints (type and number of each element)
they wish to apply to the search. SIMS-MFP then assigns
species which fit under the pre-defined deviation (2 ppm here)
and plots the carbon number versus the double bond equiva-
lence value of each possible assignment. Here spectra outputs
were used after applying a peak search using SurfaceLab soft-
ware (IONTOF, GmbH). Elemental constraints used in the
search are detailed in the manuscript.

2.5. Atmospheric pressure matrix-assisted laser desorption/
ionization high-resolution mass spectrometry

10 mg of the deposits were weighed after scraping it off the
injector tip substrate using a scalpel. This was suspended in
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1 ml of tetrahydrofuran (THF) and diluted further to create a
1 mg ml™" concentration. A 0.5 uL drop was spotted onto an
ABI Opti-TOF 192-well target plate and on top of this spot
(once dried for 10 minutes) a 1 pL of 2,5-dihydroxybenzoic
acid (DHB) or tetracyanoquinodimethane (TCNQ) (depending
on the experiment) matrix was added, at a concentration of
5 mg ml™" in THF. A Q Exactive Plus hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Scientific, San Jose, USA)
was coupled to an AP-MALDI source (MassTech Inc.,
Columbia, MD). Target-ng software (MassTech) was used to
control the XY stage motion and operation of the laser. The
source utilized a diode-pumped solid-state Nd:YAG laser (4 =
355 nm) operating at a 0.1-10 kHz repetition rate. Maximum
laser pulse energy was 3 pJ at a 1 kHz repetition rate. A beam
attenuator was used to adjust laser energy. The voltage applied
between the MALDI plate and inlet capillary of mass spectro-
meter was 4 kV. The distance between the plate and the capil-
lary was 3 mm. The inlet capillary was set to 400 °C.** Each
dried-droplet spot was scanned with a 50 pm wide laser spot.
Mass spectra were acquired in a positive-ion mode with mass
resolving power up to 180 000 at m/z 200 and a mass range of
m/z 150-1500. Tandem MS parameters were the following:
mass resolving power: 15000; max injection time: 200 ms;
AGC target was switched on: isolation width: 1 Da; HCD: 20
(normalized collision energy, NCE). Data was acquired and
analyzed using Tune and Xcalibur software (Thermo Fisher
Scientific, Waltham, MA). Species identification was carried
out in Xcalibur 3.1 software with a 6 ppm mass accuracy
threshold. In all cases 3 analytical repeats were taken on
different areas of the sample spot.

2.6. X-ray photoelectron spectroscopy

In this work we analysed an area on the side wall of the car-
bonaceous injector tip deposit from injector 1 and 2. We
present data from X-ray photoelectron spectroscopy (XPS) in
conjunction with an argon gas cluster ion beam etching of
both deposits. Samples were mounted on a standard Kratos
sample bar (13 cm x 1.5 cm) using double-sided adhesive non-
conducting tape. Samples were then subjected to XPS analysis
using the Kratos AXIS ULTRA DLD liquid phase photoelectron
spectrometer (LiPPS) with a monochromated Al Ka X-ray
source (1486.6 eV) with a source power of 120 W. Gas cluster
ion beam etching (20 keV, Arsqo" cluster beam) over etch area
of 0.75 mm? on the injector tip deposit was performed prior to
analysis for a cumulative etch time of 2787 s for Injector tip 1
and 8253 s for Injector tip 2. The XPS spectra for both samples
were then acquired with photoelectrons collected using the
electrostatic lens mode with a circular aperture of 110 pm. We
used the optical camera to ensure the analysis area was central
in the etched crater of the etched injector tip deposit. Spectra
were acquired with the Kratos VISION II software. Low-resolu-
tion survey spectra of both samples were recorded between a
binding energy range of 1200 to —5 €V, a charge neutralizer
filament was used to prevent surface charging; the pass energy
was 160 eV, both with a step energy of 1 eV. The spectra were
charge corrected to the surface C 1s peak (adventitious carbon)

This journal is © The Royal Society of Chemistry 2022
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set to 285 eV and used to estimate the total atomic% of the
detected elements using CasaXPS (version 2.3.22 PR1.0) soft-
ware. Peak positions were referenced to the XPS reference
pages of XPSFitting.

2.7. Miscellaneous

Chemical structures were drawn in ChemDraw 14.0.
Graphs were plotted in Veusz (Version 3.2.1, Jeremy
Sanders) or were exported from SurfaceLab (version 7.1).

3. Results and discussion

3.1. Time resolved growth of flat and curved PAHs

Engine deposits were ‘grown’ in a controlled engine testing rig
(Fig. 1a) using conventional gasolines of differing compo-
sitions (GC-MS analysis of the fuel is summarized in Fig. S1
and ESIY), which varied by the types of olefins or indene com-
pounds they contained as well as quantified compositions of
each class. Work has been done using 3D OrbiSIMS to define
the optimum analytical conditions for biological samples,>**°
however, little has been done on petroleomics type samples.
As a result, we first performed 3D OrbiSIMS experiments on
one of the grown deposits by varying experimental parameters
inlcluding Ar cluster size and energy, pressure of nitrogen feed
to the Orbitrap analysers collision cell, and Ar pressure for
charge compensation. We assesed performance by looking at
the ion intensity of molecular ions of known species explored
in previous work.>® A description of the optimization experi-
ments is in ESI note 1 & Fig. S3.T Subsequently we performed
3D OrbiSIMS depth profiling on all 16 deposits using these
determined settings. Positive secondary ion data from deposits
on injector tip 1 is shown in Fig. 1 and was representative of
data from all other injector tip samples.

3D OrbiSIMS depth profiling data was assessed using a
chemical filtering approach (described in previous work by
this group>?) to comprehensively account for the composition
of the gasoline deposits. We propose formation pathways of
deposit buildup by profiling into older deposit zones and elu-
cidating the reasons for differences in observed chemistries
between older and newer areas of the deposit (Fig. 1b). From
the total number of CH species, uncovered by chemical filter-
ing, we accurately assigned radical cations ([M]™) of PAHs up
to masses >m/z 1000 using accurate mass which corresponded
to known structures.>” Injector tip 2, 5 and 8 had the highest
mass PAHs (Fig. S61). Of note is the assignment of molecular
ions for 5-membered PAHs in all tip deposits including (in
order of size) fluorene (C13H;o', m/z 166.0776), cyclopentapyr-
ene (CigH;i0, m/z 226.0777), benzofluoranthene (C,oHi,, m/z
252.0933) and corannulene (C,oH;o, m/z 250.0776) (Table S57).
We next confirmed the identity of several key PAHs not seen in
deposits previously using MS/MS experiments, including sec-
ondary ions at m/z 202.07755 (pyrene), m/z 178.0776 (anthra-
cene), corannulene, m/z 300.0932 (coronene) and m/z 394.0778
(ovalene) by assigning neutral losses of functional groups
including C,, and C,H (Fig. S71). These were also observed in
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MS/MS experiments using other MS techniques on the same
ions.*®*° Here, MS/MS spectra of coronene and coranulene
included several CHNO containing species, which was attribu-
ted to the inclusion of intense CHNO containing species in
the isolation window due to low parent ion intensity requiring
a wider isolation window (Fig. S71).

3D OrbiSIMS depth profiles of the deposits on a substrate
showed lower mass PAHs are more prevalent nearer the
deposit surface (newly deposited region) compared with
higher mass PAHs. Shown by the stark difference between
depth prevalence of naphthalene (C;oHg") and hexabenzocoro-
nene (C4Hyg') in Fig. 1b. We attribute this to the formation of
larger PAHs over time once fuel is deposited on the injector
substrate. Depth profiles of injector tip 1 and all others
showed this growth of PAHs throughout the deposit depth,
despite the samples being derived from different fuels
(Fig. S8t). The trend also held for 5-membered PAHs with
larger structures being prevalent in the lower depth (Fig. S97).
Comparison of mass spectra at the surface and a lower depth
after sputtering indicated much higher masses of CH species
in lower layers (black in Fig. 1c). Using chemical filtering we
also identified N containing aromatics (including N-PAHs) and
noted an increase in their intensity after sputtering (red in
Fig. 1c), their importance is discussed in the next section. It
has long-been hypothesized that PAH growth occurs during
deposit formation but has never been shown. The presence of
alkylated benzene in high concentrations in the initial seeding
fuel opens the possibility of cyclisation of alkyl chains to form
larger aromatic structures (Fig. S1 and ESI}).'**%*" Depth pro-
files of species with both an aliphatic and aromatic content
fits with the hypothesis too as they were only present at the
deposits surface (Fig. S10 and Table S117).

Using depth profiling trends, we can then move forward
and link possible formation pathways from previous studies to
explain deposit buildup. In all mass spectra we identified a
repeating mass difference between PAHs corresponding to an
alternating C, and C,H,. We illustrated this for the growth of
coronene from accurate masses of ions in injector tip 2 in
Fig. 1d and show this was present for other samples in
Fig. S12.7 This is consistent with a hydrogen abstraction acety-
lene addition (HACA) growth mechanism (Fig. 1d),*® a widely
studied mechanism in the buildup of PAHs*' which has been
proposed in the buildup of coal-tar pitch and other carbon-
aceous materials previously.>**?? 5-Membered rings such as
those found here have been shown to form from the direct
involvement of acetylene in the HACA reaction from mechanis-
tic studies.>® The presence of indene means this is a likely pre-
cursor to 5-membered PAH formation (Fig. S1 and ESIY).
Acetylene is likely sourced from the pyrolysis of hydrocarbons
in the engine as has been shown.**3° It is important to state
that we are not observing radical intermediates and many for-
mation mechanisms are possible such as addition of phenyl
and subsequent alkyl cyclization,®” or direct addition of vinyla-
cetylene (C4H,).!

The presence of 5-membered PAHs also opens the possi-
bility of formation of curved PAHs or fullerenes since the

Analyst, 2022, 147, 3854-3866 | 3857
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Fig. 1 (A) Schematic of the fuel injector and key components studied in this work. (b) 3D OrbiSIMS depth profiles from injector tip 2 showing the
profiles of hexabenzocoronene (C4,H1g%) and naphthalene (CyoHg*). Optical images taken from (i) before and (i) after sputtering are displayed. (c)
Depth profile accumulation spectra (normalized to maximum) from two portions of the depth profile displayed in the region of m/z 75-1125.
Species were annotated putatively using a chemical filtering technique (molecular formula prediction), in black are ions annotated with a formula of
C,H," and in red we annotate those ions with a formula of C,H,N". (d) A proposed growth pathway of the build-up of PAHs via hydrogen abstraction
acetylene addition (HACA), illustrated as an example from coronene using peaks identified in the 3D OrbiSIMS spectra. AU, arbitrary units.
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strained 5-membered ring causes curvature in the PAH
structure.'®*® We found low intensity peaks corresponding to
molecular ions for the smallest fullerenes, C,;" and C,g', in
injector tip 2, 5 and 8 (Fig. S137). Notably these samples had
the highest accurately assignable maximum mass of PAHs as
shown by the summary of CH species plots in Fig. S6.f
Further, depth profiles from these samples showed prevalence
of fullerenes in the lowest portion of the deposit, even after
large PAHs such as C,5H,s' (Fig. S137). We postulate that one
destination of PAH growth in engine deposits is fullerenes and
overall show the growth of carbonaceous deposits involves for-
mation of PAHs into large flat PAHs, curved PAHs and fuller-
enes over time.

The ballistic effect of SIMS may mean that we are observing
smaller fragments of the ‘true’ maximum assignable mass of
key ions such as PAHs. To compare data to a more established
technique with different ionization mechanisms we ran
AP-MALDI analysis using a TCNQ matrix on the deposit after
scraping it off the injector substrate. This is the first compari-
son between these techniques. Spectra from the deposit from
injector tip 5 (chosen as this had the most amount of visible
deposit to scrape off for analysis) showed many PAHs observed
in 3D OrbiSIMS, shown by plotting the carbon number versus
double bond equivalence value of possible CH containing ions
using molecular formula prediction (Fig. S14}). In comparing
this data to the AP-MALDI analysis we note several differences.
Firstly, the maximum mass of accurately assignable PAH
identified, CooH,s' and Cy14Hzs" for 3D OrbiSIMS (within a
2 ppm error) and AP-MALDI (within a 5 ppm error) respect-
ively, spectra and putative structures are shown in Fig. 2.
Importantly, the similar maximum mass of assigned PAH in
these systems validates our analytical approach using 3D
OrbiSIMS for assigning PAH structures, but also in the wider
context of SIMS analysis as 3D OrbiSIMS appears to be generat-
ing a comparable dataset to an established AP-MALDI
approach. Secondly, we observed fewer ions via AP-MALDI
than SIMS, which is expected as it is a softer ionization
method, producing more intact ions and fewer fragments.
Finally, it is observed that ionized species in AP-MALDI have a
higher carbon number to double bond equivalence ratio

(a) (b)
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(Fig. S14t) as compared with 3D OrbiSIMS, which are indica-
tive of archipelago/island type PAH structures which contain
alkyl chains between clusters of condensed PAHs. It is likely
that SIMS is fragmenting these species to isolate only purely
condensed PAHs or those with only short alkyl chains (detailed
in Fig. S117).

The 3D OrbiSIMS depth profiles acquired on samples were
all relatively long (some >24 h) and therefore a possibility with
exposure to a sputtering beam for this time is that some of the
observed chemical changes in the profiles are resulting from
this sputtering instead of representing real chemical differ-
ences. To explore this, we prized an intact piece of the deposit
off the injector substrate which could be interrogated on either
side with short analysis times (Fig. S151). We then performed
relatively short (30 scans) 3D OrbiSIMS analyses on the upper
and underside of the extracted sample (with three analytical
analyses). Application of chemical filtering (molecular formula
prediction and plotting double bond equivalence versus
carbon number) showed higher maximum masses of PAHs on
the underside of the deposit. Small PAHs were present on both
sides with comparable intensity, medium mass PAHs (up to
C4,Hyg") were present on both sides but were less intense on
the upper side (Fig. S157). PAHs above C4,H;s" were only
present on the underside. Hence, we are confident that
observed chemistries are genuine and not due to the Arsgoq"
sputtering induced chemical changes to the sample. This is in
agreement with other SIMS studies of organic materials.*®?°
Chemical imaging of injector tip 1, 2 and 3 at the surface and
a lower deposit depth after sputtering showed a different
lateral distribution of high and low mass PAHs, suggesting
they are representative of unique species and not fragments of
one another (Fig. S161). Overall, this demonstrates that mole-
cular differences shown in the depth profile represent true
sample chemistry differences and indeed that 3D OrbiSIMS
can probe the time resolved growth of insoluble materials
formed on a surface.

3.2. Formation of aromatic nitrogen species in deposits

In all cases the most intensely ionizing species in 3D
OrbiSIMS spectra were those containing 1 N-atom. Despite

3D OrbiSIMS AP-MALDI
3 - +
10% + § 30 Ci1aHag
> CooHzs ° -4.7 ppm
[ -2ppm | 3 20
s [
£ _OZ: 10 |
@©
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0 *ﬁ%—J - 0 1 I T
1106 1107 1406 1408 i + +
miz miz 3D OrbiSIMS: C, H,, AP-MALDI: C,, H,,

Fig. 2 Comparison of the accurately assigned maximum mass of polycyclic aromatic hydrocarbons in 3D OrbiSIMS and AP-MALDI from tip deposit
5. (a) Spectra of the maximum assigned peak with accuracy data shown. (b) Putatively assigned structures of the highest mass polycyclic aromatic

hydrocarbon assigned from each technique.
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crude oil containing quinolines and carbazoles naturally,*>*!
the level of N in gasoline is restricted to the ppm scale due to
poor storage capabilities, adverse reactivities and effects on
NOx emissions.*>** To accurately assess the quantified depth
distribution of N we used XPS with an Ar sputtering beam on
deposit 1 and 2 (Fig. S171). In both cases the level of nitrogen
increased in lower layers with a maximum contribution of 4%
in injector deposit 1 (Fig. 3a), with no nitrogen at the surface
of the deposit. This suggests it is introduced after initial depo-
sition of fuel on the injector substrate, hence they are of par-
ticular interest in this work.

Intense secondary ions in 3D OrbiSIMS spectra were
identified and assigned to nitrogen containing moieties
which are summarized in Fig. 3b. Chemical images were
used to distinguish them by their spatial distribution (ion
data for other samples are in Table S18f). We first deter-
mined that these general moieties explained the significant
molecular distributions in deposits using chemical filtering
to annotate all species containing CHN, (where x = 1),
finding that deposit 5 had the most secondary ions attribu-
table to this formula (Fig. S197). In all samples we assigned a
range of N-substituted PAHs (N-PAHs) as [M + H]' ions
including benzoquinolines up to C;sHy;gN' (-0.6 ppm)
(Fig. 3Db), suggesting addition of up to 10 benzyl units on the
heterocyclic core. We performed MS/MS on key ions, results
from quinoline (CoHgN") and benzoquinoline (C,3H;oN") con-
firmed the assignment with a loss of [M — CHN]', character-
istic of N-aromatics (Fig. S201).** Alkylated quinolines sec-
ondary ions were identified in all samples up to C,3H;¢N"
(=0.5 ppm). MS/MS of C;;H;,N" and C;,H;,N' both showed
alkyl and CHN losses (Fig. S20%1). Carbazoles were again
common and identified up to C,sH;sN" (—0.8 ppm) (Fig. 3b),
MS/MS of C;,H;oN' and C;6H;,N" both showed losses of pyri-
dine [M — CHN]" and ethylene [M — C,H,]" as observed on
reference  samples.”> The most intensely ionizing
N-containing species in all samples were those with a generic
proposed formula of [CsH;N(CHs)(C,H,41))]” with an alkyl
chain length up to C,sHs; (Fig. 3b). MS/MS of Cy3H;,N"
showed losses corresponding to the alkyl chain ([M — CH;]"),
pyridine group, and a CH aromatic fragment. Together this
data suggests an alkylated phenyl pyridine structure (Fig. 3b)
which is structurally equivalent to a biphenyl unit, commonly
observed in combustion of pure hydrocarbons.*®

AP-MALDI using DHB matrix on deposit 5 (total of 3
analytical repeats) showed that for purely aromatic N-species
(quinolines etc.) the maximum masses of assigned ions were
within a few carbon numbers. For species with aliphatic com-
ponents (alkyl phenyl pyridine and alkyl quinolines) there
were differences between analytical repeats on different
deposit areas (Fig. S211). We repeated the experiments using
TCNQ matrix and found higher maximum masses for purely
aromatic groups compared to DHB. However, for species with
an aliphatic component, there was a lower maximum mass
(Fig. S21f). This variation of maximum mass is evidently
based on the technique and highlights the importance of
matrix selection for different chemical classes (as is typical of
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this approach). However, in each case the maximum mass of
aromatic N species, which is the focus of this work, was within
approximately 1-3 aromatic rings Fig. S21b.T

Next, to investigate the origin of N-species we present 3D
OrbiSIMS depth profiles of compound classes from deposit
tip 2 in Fig. 3b. The spatial distribution of ions captured by
chemical imaging enabled us to separate ions into different
classes (Fig. 3b). The formation of small N-PAHs species such
as quinoline can occur by gas phase reaction of acetylene
(C;H,") and pyridyl (CsH4N") radicals in high temperature
conditions (700 K).***” Depth profiles and a suggested
scheme of these ions correlate with expected prevalence as
the ‘reactant’ alkylated benzyl secondary ion (CoH;;*, 2 in
Fig. 3c). These alkylated benzene compounds were present in
the initial fuel composition (Fig. S11 and suplementary infor-
mation). This class of ions in deposits with enough intensity
for an informative depth profile (all except injector tips 3 and
4) were present at the uppermost deposit layers. Again, it is
important to state we are observing numbered products in
the scheme (positive ions) and proposing radical intermedi-
ates to form the observed secondary ions. An example alkyl-
ated pyridyl ion (C;;H;sN", 1 in Fig. 3c) increased in intensity
during sputtering, suggesting it is formed after initial deposit
initiation and is consistent with the hypothesis that the
origin of N-containing species is from reaction with air after
deposit formation initiation and not from the fuel. The reac-
tion of these two can then form the alkyl phenyl pyridine
species observed in SIMS data (example shown as 4 in
Fig. 3c) and is analogous to the formation of biphenyl
species by free radical pyrolysis of 2 benzyl units (which has
been well documented®®). The electron withdrawing nature of
the nitrogen can promote reaction at the ortho position on
the ring, hence our suggested structure in the scheme
(C13H14N", 4 in Fig. 3c).

Separately, the initial pyridyl ion (1 in Fig. 3c) can undergo
HACA to form alkylated quinolines (C;oH;oN", 3 in Fig. 3c);
both the alkyl phenyl pyridines and alkyl quinolines were
more prevalent in deposit layers lower than the suggested
‘reagents’. Quinoline (CoHgN', 5 in Fig. 3¢) was prevalent after
alkyl quinolines, suggesting that scission of the alkyl chains
occurs next. The specific free-radical mechanism of the alkyl
scission (—R in Fig. 3) is complex but generally follows sub-
sequent reduction of carbon chain length to form a radical
and an unsaturated species.’’*®*° The formation of the posi-
tive secondary ion observed in the SIMS data likely arises from
addition of a proton to the radical on the terminal carbon on
the chain. Next, the formation of benzoquinoline, C;3H;,N" (6
in Fig. 3c) can be accessed by HACA from both the quinoline
and the alkyl phenyl pyridine ion and had expected depth be-
havior. Finally, the buildup of larger N-PAHs, exemplified by
the ions C,3Hy;,N' and C;;H;¢N' (7 and 8, respectively in
Fig. 3c), suggested through HACA, is shown with higher mass
aromatics to have prevalence at lower layers which is analo-
gous to PAH growth. This trend was common for all other
injector tip deposits despite different sample provenance
(Fig. S221).
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3.3. Analysis of thin-film deposits to probe early stages of
deposit formation

Thin-film injector needle deposits were retrieved from engine
testing and allow us to explore the effect of temperature
across the components surface since one end of the needle is
closer to the combustion chamber (marked by ‘High T and
‘Low T in Fig. 4c). It has long been thought that these are
precursors to the carbonaceous deposits seen in injector tips.
We applied chemical filtering to 3D OrbiSIMS depth profile
accumulation spectra from the ball (orange box in Fig. 4) on

View Article Online
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all 8 needle samples, and identified many PAHs, but were
accurately assigned up to a lower maximum mass than the
tip deposits (Fig. S61). This is likely due to the reduced temp-
erature experienced by this component, showing how the key
signpost in assessing deposit severity is the PAH size distri-
bution. To further probe the temperature effect, we per-
formed relatively short (<200 s) 3D OrbiSIMS analyses on 3
positions along the needle (at different distances to the com-
bustion chamber) on 3 of the samples. The variation in the
presence of three example PAHs of varying size are plotted in
Fig. 4a.
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Fig. 4 Tracking molecular transformations in situ on a fuel injector needle. (a) 3D OrbiSIMS depth profile accumulation spectra from different posi-
tions along injector needle 3 of PAHs, pyrene (C;6H10™), coronene (C,4H15*) and ovalene (Cz,H14™) (left to right) intensity and maximum mass at each
position. (b) Intensities of salicylates (C;HsO37) and sulfonates (C1gH29SO37). (c) Photograph of injector needle 3 with color-coded boxes represent-
ing each analysis area (not to scale). (d) Depth profiles from the ball of the injector needle (orange box in c).
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The intensity of PAHs increased closer to the combustion
chamber, as did their maximum mass, for example we
observed coronene in each position, whereas ovalene was only
identified in position 1 (Fig. 4a and Fig. S25bt for other
samples), showing how the effect of temperature can lead to
enhanced growth of PAHs across a surface. Depth profiles
from the injector ball (orange box in Fig. 4c) of injector needle
3 correlate with those of the injector tip deposits (Fig. S8 for
PAHs and Fig. S221 for N-PAHs), where larger PAHs and
N-PAHs were more prevalent at lower depths (Fig. 4d). In all
cases the maximum mass of N-PAHs were relatively uniform
across the surface (Fig. S237), suggesting their formation is not
just tied to temperature and breakdown of fuel. It is plausible
that with air being a likely origin of N in the system that access
to it is another rate determining step, and in the high-fuel
pressure injector needle the scarcity of air makes it the limit-
ing step, conversely to the external deposits with access to
‘excess’ air.

We accurately identified lubricant oil derived alkyl benzyl
sulfonates which were found in previous work,>* and alkyl sali-
cylates ([C;H503C,H(n+1)]")- These were confirmed using MS/
MS in these systems (Fig. S24f) by observing characteristic
neutral losses of -CO, -CO, and -OH functionalities (negative
ion details can be found in Table S4t). Conversely to PAH for-
mation their intensity decreased in positions closer to the
combustion chamber (Fig. 4b and Fig. S25at). Overall, this
work has shown how we can map the time resolved growth of
aromatic structures and breakdown of other species with an
in situ analysis technique and infer possible formation mecha-
nisms. Our repeated identification of the same chemical struc-
tures for fuel deposits, regardless of the input fuel in the
engine test has significant implications for worldwide efforts
to understand deposit formation and mitigate them.

4. Conclusions

In this study we comprehensively characterized a range of lab-
grown gasoline deposits in situ on engine components which
were derived from different fuels using 3D OrbiSIMS accurate
mass assignments, MS/MS, AP-MALDI and XPS. This enabled
identification of a plethora of species previously unseen in
these materials including structurally diverse PAHs and nitro-
gen containing species such as alkylated quinolines, carbazoles
and biphenyl derivatives. We used depth profiling behaviour of
key species to explain their formation over time by possible for-
mation pathways, following a trend of initial alkyl scission and
HACA which explains the growth of large aromatic structured,
most notably the growth of flat and curved PAHs to small fuller-
enes in the engine. We also provide a first-time comparison of
3D OrbiSIMS to AP-MALDI data, demonstrating the presence of
similar maximum mass species. Importantly, pathways of
deposit formation are shown to be common regardless of the
fuel used. Our new insights will contribute to several mitigation
strategies, for example, synthesizing next-generation additives
to solubilize deposits, which is particularly viable now we have

This journal is © The Royal Society of Chemistry 2022
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a far-greater understanding of deposit matrix composition.
Helping to mitigate deposits will lead to longer-term benefits
such as increased internal combustion engine efficiency,
reduced pollution and improved global air quality.
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