Downloaded via FLORIDA STATE UNIV on February 1, 2019 at 16:02:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

@& Cite This: Energy Fuels 2018, 32, 9106—9120

pubs.acs.org/EF

Advances in Asphaltene Petroleomics. Part 3. Dominance of Island
or Archipelago Structural Motif Is Sample Dependent

Martha L. Chacon-Patifio,” Steven M. Rowland,”* and Ryan P. Rodgers*’_l_’i’§

"National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, United States
*Future Fuels Institute, Florida State University, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310, United States
§Department of Chemistry and Biochemistry, Florida State University, 95 Chieftain Way, Tallahassee, Florida 32306, United States

O Supporting Information

ABSTRACT: Asphaltene structure is one of the most controversial topics in petroleum chemistry. The controversy is centered
on the organization of aromatic cores within asphaltene molecules (single aromatic core, island and multiple aromatic core,
archipelago) and specifically the inconsistency between the island model and the composition of the products derived from
asphaltene pyrolysis/thermal cracking. Such products are consistent with the coexistence of island and archipelago asphaltene
structural motifs. However, the archipelago model continues to lack the widespread acceptance of the petroleum community, in
part due to mass spectrometry results in support of the island model. In the first and second part of this series, we demonstrated
that the disproportionally high atmospheric pressure photoionization (APPI) ionization efficiency (monomer ion yield) of
island species is due to weak nanoaggregation of large aromatic cores which do not extensively aggregate in toluene, whereas
more archipelago-dominant fractions were shown to have low monomer ion yield due to a greater propensity for aggregation.
The discrepancy leads to bias toward the selective ionization of island compounds and thus the erroneous mass spectrometry
support of the predominance of the island structural model. A separation method based on aggregation trends and therefore the
efficiency of monomeric ion production is critical to access archipelago structures. In the work presented herein, we
demonstrate that dominance of island or archipelago structural motif is sample dependent. We present the positive-ion APPI
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) characterization of asphaltenes and asphaltene
extrography fractions derived from Wyoming Deposit (island dominant) and Athabasca Bitumen (archipelago dominant) C,
asphaltenes. Wyoming Deposit asphaltenes resemble the “classical” island-type asphaltene structure: they exhibit a high
concentration of highly aromatic/alkyl-deficient species with a compositional space close to the polycyclic aromatic
hydrocarbon (PAH) limit. Fragmentation results from infrared multiphoton dissociation (IRMPD) confirm that island is the
dominant structural motif in Wyoming Deposit C, asphaltenes; the predominant fragmentation pathway for all extrography
fractions consists of loss of CH, units (or dealkylation), without significant loss of aromaticity. Conversely, Athabasca Bitumen
C, asphaltenes exhibit an “atypical” molecular composition. More than 40 wt % of the sample is extracted in the latest
extrography fractions, which are composed of difficult-to-ionize species, a fraction of which exhibit atypically low double bond
equivalent (DBE = 5—12) and extended homologous series with carbon numbers up to 60. The fragmentation behavior of all
Athabasca Bitumen-derived fractions demonstrates a predominant contribution of archipelago motifs. Our results suggest that
the Yen-Mullins molecular definition of asphaltenes cannot be used to describe all asphaltene samples. Island and archipelago
structural motifs coexist, and extrography separation reveals a structural continuum that is enriched with archipelago motifs as a
function of increasing molecular weight and polarity. The ratio island/archipelago is sample dependent, and its accurate
quantification should significantly improve the economic value of asphaltene-enriched feedstocks by prediction of yields and
optimal conditions for upgrading processes.

B INTRODUCTION

molecules has been the subject of intense and continuous
debates.'*™"”

Asphaltenes are well known for their negative impact on
petroleum production,' ™ transportation,”™” refining,”” and
storage.'’ Although these compounds are one of the most
problematic and widely studied chemical classes in the
petroleum industry, little consensus exists in their structure
and composition. Such information is crucial, as an accurate
knowledge of asphaltene chemistry and structure should lead to
the rational design of methods to solve asphaltene-related
problems and maximize the yield of valuable products from
9,11

heavy feedstocks.”  However, asphaltene structure is one of the
most controversial topics in petroleum chemistry, and the nature

of the organization of aromatic cores within asphaltene
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Traditionally, asphaltenes are described as compounds
consisting of a single aromatic core of approximately seven
fused rings, with alkyl side chains and N-, O-, and S-containing
functionalities.">'®"” This structural model, termed island, is
widely supported by X-ray diffraction (XRD),”**' time-resolved
fluorescence depolarization (TRFD),"® atomic force micros-
copy (AFM),”*** and mass spectrometry (MS).”*"*° In
particular, results derived from tandem MS have strengthened
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the general (but incorrect) hypothesis that regardless of
geological origin, the dominant structure in all asphaltene
samples is island. However, controversy on the universal
dominance of island structures persists because it is impossible
to reconcile asphaltene bulk properties (especially pyrolysis and
thermal cracking products) with the island model.”’~** Such
observations support the archipelago model, which proposes
that asphaltene molecules have several aromatic cores linked by
covalent bridges.'¥*>** However, the archipelago model is not
as widely accepted by the petroleum comunity; according to
several publications, it is inconsistent with XRD, TRFD, AFM,
and MS results,' 07>~

In mild pyrolysis and thermal cracking, petroleum asphaltenes
yield coke (toluene insoluble), residual asphaltenes (toluene
soluble and heptane insoluble), naphtha-range alkanes,
distillable alkyl-aromatics (soluble in toluene and heptane),
and gas.””*”*" Moreover, asphaltene samples from different
geological origin yield different ratios of coke/distillable
products.””*¥**~* Given that island-type species preferentially
yield coke, naphtha-range alkanes, and gas,whereas archipelago-
type compounds produce 1—S5 ring alkyl-aromatics, asphaltene
samples should be mixtures of island and archipelago motifs.*
Most importantly, the crude oil dependence of these yields
strongly suggests that the ratio island/archipelago must be
sample dependent.*®

Archipelago Motifs Are Elusive. In the first and second
part of the series Advances in Asphaltene Petroleomics, it was
demonstrated that petroleum asphaltenes are ultracomplex
mixtures of abundant island and archipelago motifs.***” We
revealed the reason behind the mass spectral support of the
island model is rooted in the preferential ionization of island
structures,*® as it is well known that heterogeneous aggregation
of asphaltenes imparts a limitation on complete characterization
by MS.">** Simply, specific asphaltene fractions exhibit a
disproportionally high tendency for aggregation,””*° which
decreases the signal of monomeric ions in mass spectrometry.Ar7
Thus, monomer ion yield (MIY), a value inversely proportional to
the accumulation period required to detect a target signal
magnitude, was defined to sort asphaltene samples based on
their production efficiency of monomeric ions. An extrography
method was then developed to separate asphaltenes into
fractions with similar MIY. In this method, the fractionation is
performed by two solvent series: the first consists of acetone and
acetonitrile and targets the selective removal of asphaltene
species that exhibit high MIY and thus restrict complete MS
characterization. The second series uses heptane, toluene,
tetrahydrofuran, and methanol to separate remnant asphaltenes
based on polarity. Results on the interlaboratory sample known
as Petrophase 2017 and South American Medium asphaltenes
demonstrate that the acetone fraction, with the highest MIY,
resembles the molecular composition of the parent, unfraction-
ated asphaltene sample and yields IRMPD fragments that reveal
abundant island structures.”” The selective removal of
compounds with high MIY facilitates the observation of
otherwise undetected species. The latest eluting fractions exhibit
poor ionization efficiency in APPI but reveal IRMPD fragment
ions only possible for archipelago structures. Aggregation tests
suggest that MIY decreases as a function of increasing
aggregation tendency in Hep/Tol. Therefore, APPI MS analyses
of unfractionated samples fail to reveal archipelago species due
to the preferential ionization of highly aromatic/alkyl-deficient,
nonaggregated island structures, not because of their absence."’
In other words, separation of asphaltenes based on aggregation
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(into fractions of similar ionization efficiency) is critical for a
more complete structural and compositional characterization by
MS.

In addition to the intrinsic bias imparted by the preferential
ionization of island structures in APPI, the efficiency of the
fragmentation is also crucial to detect archipelago structures.
IRMPD and collision-induced dissociation (CID) are two of the
most widely used fragmentation techniques. IRMPD of model
compounds yields the most stable aromatic building blocks by
efficient fragmentation of alkyl side chains and covalent bridges
between aromatic cores.'”*® However, this is not always the case
for collision-induced dissociation (CID). Nyadong et al>!
demonstrated that low-energy CID, commonly employed to
support the dominance of island motifs in coal/petroleum
asphaltenes,””**™>* does not provide the energy required to
fragment archipelago molecules composed of multiple aromatic
cores. Conversely, high-energy collision-induced dissociation
(HCD) was shown to be much more suitable for the complete
fragmentation of model structures into their stable aromatic
cores, which facilitates elucidation of island and archipelago
motifs by changes in DBE after dissociation.”' In another report,
Kenttidmaa et al.”> demonstrated that CID produces incomplete
fragmentation of island and archipelago model structures and
thus suggested the use of higher energy, beam-type collision-
activated dissociation (beam CAD) to access archipelago motifs
in model compounds and petroleum samples.

The elusiveness of archipelago structural motifs is not limited
to mass spectrometry. Ruiz-Morales et al.’® reported a
theoretical approach, through molecular orbital calculations,
to understand the stability and size of asphaltene dimers
composed of island and archipelago structures. Ruiz-Morales
concluded that TRFD could detect species composed of two
aromatic cores liked by an aryl—aryl bridge (archipelago)®® as
island compounds; thus, to some extent, TRED blurs the
discrimination between island and archipelago.*® Furthermore,
the access to archipelago structures via AFM appears to be
troublesome as compared to island species. Admittedly, Schuler
et al.”” recognized that AFM is more powerful on planar
molecules (island) and demonstrated that detection of
archipelago motifs required inducing a planar conformation in
the saturated bridges.39 Moreover, it is essential to bear in mind
that AFM requires unique sample preparation, in which
asphaltenes (known to concentrate in “nondistillable” petro-
leum residues) must be sublimated and subsequently deposited
onto a surface.” Interestingly, most of the reported structures
for UG-8 Kuwait asphaltenes consist of highly aromatic/alkyl-
deficient compounds, which exhibit H/C ratios between 0.41 <
H/C < 0.60, much lower than the accepted bulk H/C ratio of
~1.05.7

Correlating Bulk Behavior with Asphaltene Structure.
Molecular structure determines properties and reactivity.
Therefore, the dominant structure in Athabasca Bitumen is
hypothetically archipelago,***~®" as Strausz et al. found that
under mild conditions, thermolysis of Athabasca Bitumen
asphaltenes yields an extensive amount of alkyl-substituted 1—
S ring aromatics.'>®" Similarly, flash pyrolysis of this asphaltene
sample can produce pyrolysis oils in yields up to 37 wt %, with a
maltene fraction composed of abundant alkyl-substituted benzo-
and dibenzothiophenes.®" Strausz et al."* also reported the use of
ruthenium-ion-catalyzed oxidation (RICO) for structural
elucidation of asphaltenes from diverse geological origin.
RICO targets the selective oxidation of aromatic moieties.
Thus, alkyl-substituted aromatic cores are converted to CO;
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Figure 1. Positive-ion APPI FT-ICR MS mass spectra with zoomed mass insets at m/z 450 and heteroatom group distributions for (top) Wyoming
Deposit C, asphaltenes and (bottom) Athabasca Bitumen C, asphaltenes.

however, carbons with alkyl substitution survive and are
converted to a carboxylic acid linked to the initial alkyl group.
Strausz et al.'” attributed the high production of dialkanoic acids
to a high abundance of archipelago motifs in Athabasca Bitumen
asphaltenes.'”

In another work, Rueda-Velasquez et al.*' and Juyal et a
studied the thermal cracking behavior of C, asphaltenes derived
from Wyoming Deposit and Athabasca Bitumen. Under the
same conditions, Wyoming Deposit asphaltenes yield ~30.4 wt
% of coke and only 24.5 wt % of distillable products, whereas
Athabasca Bitumen asphaltenes produce ~57.4 wt % of
distillates and ~5.0 wt % coke. The authors concluded that
the yields of distillable products and coke for Wyoming Deposit
asphaltenes are consistent with a high concentration of large/
alkyl-deficient island-type aromatics. Conversely, the character-
ization of distillable products from Athabasca Bitumen
asphaltenes by gas chromatography-MS demonstrated a high
concentration of 1—4 ring alkyl-aromatics and alkyl-substituted
benzo- and dibenzothiophenes. These building blocks are
consistent with abundant archipelago structural motifs.

The work presented herein focuses on a comprehensive study
of the structure and composition of Wyoming Deposit and
Athabasca Bitumen C, asphaltenes by an extrography
fractionation method to separate asphaltene samples on the
basis of aggregation trends and, therefore, monomer ion yield.
Whole samples and fractions are characterized by positive-ion
APPI FT-ICR MS, and fragmentation was performed by
IRMPD. Our results demonstrate that island is the dominant

162

9108

structure for Wyoming Deposit asphaltenes; these species fit
into the classical molecular definition that describes asphaltenes
as alkyl-deficient/single-core aromatic compounds with high
stability in fragmentation due to their increased aromatic
condensation. In contrast, Athabasca bitumen asphaltenes
exhibit atypically low aromaticity, a high degree of alkyl
substitution, and a fragmentation behavior consistent with
abundant archipelago motifs. We demonstrate that the island-
dominant molecular definition of asphaltenes does not describe
all asphaltene samples. The dominance of island or archipelago
is shown to be sample dependent, and thus, the quantification of
each motif should provide an accurate methodology to predict
yields and conditions for upgrading of asphaltene-enriched
feedstocks (process-dependent economic value).

B EXPERIMENTAL SECTION

Materials. High-performance liquid chromatography (HPLC)-
grade dichloromethane (DCM), n-heptane (C, or Hep), acetone,
acetonitrile (ACN), toluene (Tol), tetrahydrofuran (THF), methanol
(MeOH), and high-purity grade chromatographic silica gel (70—230
mesh, pore size 60 A, Fluka Analytical) were used as received. Whatman
filter paper grade 42 and high-purity glass microfiber thimbles were
used for asphaltene isolation and Soxhlet extraction (Whatman, GE
Healthcare, Little Chalfont, U.K.). Samples of the Wyoming Deposit
were supplied by Nalco Champion; Athabasca Bitumen samples were
supplied by the National Center for Upgrading Technology (NCUT).

Asphaltene Precipitation and Fractionation. Asphaltenes were
isolated from Wyoming Deposit and Athabasca Bitumen by a modified
version of the standard ASTM method D6560-12 published else-
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where.®® Briefly, 400 mL of C, was added dropwise to 10 g of Wyoming
Deposit and Athabasca Bitumen samples under sonication (Branson
Ultrasonics, Danbury, CT, 22 kHz, and 130 W) at ~7S °C. The
mixtures were refluxed at ~110 °C for 1 h and allowed to stand
overnight. The precipitated solids were collected by filtration and
washed with C; in a Soxhlet apparatus until the solvent appeared
colorless. Asphaltenes were recovered by dissolution in hot toluene and
dried under N, flow. Further purification of asphaltenes was performed
as reported by Chacon-Patifio et al.®® In short, solid C, asphaltenes
were crushed and Soxhlet cleaned with heptane to decrease the
concentration of coprecipitated/occluded compounds that were not
extracted through the standard cleaning procedure.

C, asphaltenes were fractionated following the extrography method
published in the second part of this series.* By this method, asphaltenes
are selectively separated into fractions that ionize efficiently in APPI
and later fractions that exhibit lower MIY. Briefly, asphaltenes were
adsorbed on silica gel (S mg of asphaltenes/1 g of SiO,). The mixture
asphaltene/SiO, was Soxhlet extracted with acetone, ACN, heptane,
1:1 Hep/Tol, Tol, 1:1 Tol/THF, THF, and 4:1 THF/MeOH. The
fractionation was performed in triplicate for each asphaltene sample.
The fractions were dried under N,, weighed, and stored in the dark for
subsequent FT-ICR MS analyses and precipitation tests.

Positive-lon Atmospheric Pressure Photoionization Fourier
Transform lon Cyclotron Resonance Mass Spectrometry [(+)
APPI FT-ICR MS]. Wyoming Deposit and Athabasca Bitumen C,
asphaltenes and their extrography fractions were dissolved in toluene at
a concentration of 200 pg/mL and directly infused into a Thermo-
Fisher Ion Max APPI source (Thermo-Fisher Scientific, Inc., San Jose,
CA). Mass spectrometry analyses were carried out with a custom-built
9.4 T Fourier transform ion cyclotron resonance mass spectrometer
with data collection facilitated by a modular ICR data acquisition
system (PREDATOR 5465 The conditions for MS and Tandem/MS
analyses are reported in the first part of this series.*® Data anal(ysis and
visualization were performed with PetroOrg N-16.0 Software.®®

Precipitation Tests in Hep/Tol. Asphaltene samples and
subfractions were dissolved in toluene and subsequently mixed with
20%, 40%, 60%, 80%, and 90% v/ v of heptane, under sonication for 1 h.
The final asphaltene concentration was 1.1 wt % for all the precipitation
tests. After 24 h, the mixtures were centrifuged at S000 rpm to recover
precipitated (unstable) asphaltenes. Precipitated materials and remnant
solutions were dried under N, and weighed. Precipitation tests were
performed in triplicate.

B RESULTS AND DISCUSSION

Asphaltenes of Different Geological Origin Are
Compositionally and Structurally Diverse. In the first
manuscript of the series Advances in Asphaltene Petroleomics, it
was hypothesized that the dominant asphaltene structure, island
or archipelago, is sample dependent. We based this hypothesis
on several reports on the composition of asphaltene products
from mild pyrolysis and thermal cracking. Therefore, the work
presented herein aims to scrutinize the compositional and
structural differences between two asphaltene samples of
different geological origin that produce very different pyrolysis
product yields. For this purpose, we isolated C, asphaltenes from
an organic deposit from a Wyoming oil well with known
deposition issues due to natural depletion and high pyrolysis
coke yield (island dominant).”*®* Athabasca Bitumen, the
largest reservoir of crude bitumen in the world,®” was selected as
the second asphaltene source, as its pyrolysis coke yield is 6-fold
lower (archipelago dominant) than that of the Wyoming
deposit.

As the two previous manuscripts in this series have
highlighted selective ionization issues, care must be taken in
the interpretation of direct APPI mass spectral results of
unfractionated asphaltenes. However, given the large difference
in coke yields and distillable pyrolysis products between the two
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samples, the broad-band, direct infusion results are compared in
Figure 1. Figure 1 highlights the mass spectrometry results of
whole C, asphaltene samples isolated from Wyoming Deposit
(top) and Athabasca Bitumen (bottom), as described in the
Experimental Section. It includes the broad-band molecular
weight distributions (MWD), zoom-mass insets at m/z 450, and
heteroatom group distributions derived from the elemental
formulas assigned to all mass spectral peaks. Wyoming Deposit
asphaltenes, with a MWD between m/z ~ 250 and 780, are
enriched with polar heteroatomic groups O,S, and O,, lack
vanadyl porphyrins (group N,O,V)), exhibit a high relative
abundance of ions with low mass defect (0.10—0.20, indicative
of highly aromatic, hydrogen-deficient species), and reveal a low
mass spectral complexity (69 peaks in one nominal mass
window at m/z 450). Conversely, Athabasca Bitumen
asphaltenes are composed of a high relative abundance of
peaks between m/z & 475 and 620, assigned as N,O, V| species.
The sample is also enriched in S, species, exhibits a greater
spectral complexity (104 peaks at m/z 450), and is composed of
ions that display a wide range of mass defects (between 0.05 and
0.45). Although the direct mass spectral analysis of unfraction-
ated asphaltenes was previously shown to be biased toward
species that have a low tendency to form nanoaggregates
(island) and thus exhibit high ionization efficiency (monomer
ion yield), these spectral features suggest that Athabasca
Bitumen asphaltenes are a mixture of highly aromatic (hydrogen
deficient, low mass defect) and alkyl-enriched species (hydrogen
rich, high mass defect), consistent with a higher degree of
structural diversity."*”%®

To facilitate visualization of these compositional differences,
assigned elemental compositions are grouped by their
heteroatom content (e.g., species that contain a single sulfur
atom in their elemental composition reside in the S, class) and
displayed as a two-dimensional plot of double-bond equivalents
(DBE, number of rings + double bonds) versus carbon number.
Figure 2 presents the subsequent color-contoured isoabundance

Wyoming Deposit C, asphaltenes
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Figure 2. Color-contoured isoabundance plots of DBE versus carbon
number for N, S, and S, heteroatom classes for (top) whole Wyoming
Deposit C, asphaltenes and (bottom) whole Athabasca Bitumen C,
asphaltenes.
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Figure 3. Fragmentation spectra and combined color-contoured isoabundance plots of DBE versus carbon number for hydrocarbons,
monoheteroatomic, and polyheteroatomic classes for precursor and fragment ions derived from (left) Wyoming Deposit C, asphaltenes and

(right) Athabasca Bitumen C, asphaltenes.

plots of DBE versus carbon number for the classes N, S;, and S,
for Wyoming Deposit (top) and Athabasca Bitumen (bottom)
C, asphaltenes. Wyoming Deposit resembles the composition of
“classical” asphaltenes,”®®*~"" as the compositional space of the
classes S; and S, is shifted toward DBE values greater than 20
with a high relative abundance of compounds near the PAH limit
(low mass defect) and short homologous series. These
compositional features suggest that Wyoming Deposit asphal-
tenes are enriched with highly aromatic alkyl-deficient
structures, further supported by the N class, which exhibits
discrete relative abundance maxima that lie on the PAH limit
line at DBE values of 12, 1S5, and 18 (alkyl-deficient N-
containing aromatic cores).

Athabasca Bitumen asphaltenes (Figure 2, bottom) are
notably less aromatic (H/C > 1) than the Wyoming deposit
asphaltenes. The compositional space, particularly that of the S;
class, shows a predominate low-DBE region (as low as DBE »
3). It exhibits a high concentration of species close to the PAH
limit but contains longer homologous series (greater content of
saturated moieties (CH, units)) compared to the Wyoming
Deposit asphaltenes. Abundance-weighted H/C ratios, also
presented in Figure 2, reveal that Wyoming deposit asphaltenes
are composed of abundant hydrogen-deficient structures,
whereas Athabasca Bitumen asphaltenes exhibit H/C ratios
closer to the common bulk values (H/C = 1.1) reported for
petroleum asphaltenes.”>”*

Fragmentation Behavior of Unfractionated Asphal-
tenes. Figure 3 reveals the striking difference in IRMPD
fragmentation behaviors of whole Wyoming Deposit (left) and
Athabasca Bitumen (right) C, asphaltenes. Precursor ions at
m/z 453—457 were isolated with a mass-resolving quadrupole,
transferred to the ICR cell, and subjected to infrared irradiation
for 50—2000 ms. Under these conditions, model compounds
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undergo fragmentation of both saturated moieties (deal-
kylation) and archipelago bridges (i.e., alkyl and aryl linkages).
However, aromatic cores remain intact during IRMPD.* Figure
3, top, shows the fragmentation spectra after 1000 ms of infrared
irradiation. The composition of fragments and precursor ions is
represented in the bottom of Figure 3 by combined plots of DBE
versus carbon number for hydrocarbons (HC), monoheter-
oatomic species (S;, N, and O,;), and polyheteroatomic
compounds (e.g, S, N;O;, O,, O;). The yellow dotted line
represents the island/archipelago boundary, calculated as the
abundance weighted average DBE of the precursor ions minus
the abundance weighted standard deviation."” The fragmenta-
tion spectrum of Wyoming Deposit asphaltenes reveals
predominantly dealkylation (very low abundance of low m/z
fragments), and is consistent with the fragments observed for
PAH model compounds reported previously.*® These results
clearly suggest that the majority of compounds from the
Wyoming Deposit asphaltenes are PAH’s with few alkyl groups.
The DBE versus carbon number plots for hydrocarbons and
monoheteroatomic species demonstrate that most of the
fragments (~73% and ~97%, respectively) have DBE values
equal to/above the island/archipelago boundary (DBE = 20 and
19). Polyheteroatomic species also exhibit fragmentation that
correlates with abundant island motifs: ~100% of the fragments
have DBE values equal to/above the island/archipelago limit at
DBE = 16. Thus, the fragmentation behavior of whole Wyoming
Deposit asphaltenes clearly suggests that island structures are
dominant.

The fragmentation pattern of Athabasca Bitumen asphaltenes
(Figure 3, right) is dramatically different than that of the
Wyoming deposit asphaltenes. The fragmentation spectrum is
comprised of two well-defined pathways: dealkylation, (high-
lighted in Figure 3, top right with the blue arrow) where
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precursors lose carbon number but not aromaticity, in addition
to a low molecular weight distribution between m/z = 100 and
300, composed of fragments with a lower carbon number and
lower DBE than the precursor ions (highlighted with the green
dotted line). The DBE versus carbon number plots suggest that
Athabasca Bitumen asphaltenes are enriched with HC and
monoheteroatomic archipelago motifs: ~98% and ~70% of the
fragments exhibit DBE values below the island/archipelago
boundary (DBE = 18 and 14, respectively). The polyheter-
oatomic fragments (of polyheteroatomic precursors) display a
fragmentation pattern consistent with island-type structures:
81% of the fragments present DBE values equal to/above the
island/archipelago boundary (DBE = 10). Such behavior is
consistent with polyheteroatomic species in which all heter-
oatoms reside in a single, polyaromatic core. Simply, detection of
polyheteroatomic species after fragmentation requires that all
heteroatoms of a given class (e.g, N;O;S;, S5, N;O;) exist within
the same aromatic core. However, it does not exclude the
coexistence of polyheteroatomic archipelago structures. If
heteroatoms are located in separate, alkyl-linked aromatic
cores they fragment to produce monoheteroatomic and/or
hydrocarbon species.*® Regardless of the initial class, fragmen-
tation of Athabasca Bitumen asphaltenes produces species that
have a significantly lower DBE (aromaticity) than the precursor
ions. Thus, they are composed of abundant archipelago
structural motifs. However, it is likely that the archipelago
structures accessed in this work differ from the ones early
suggested by Strausz et al.”®’* in three characteristics. First, both
asphaltene samples exhibit a molecular weight distribution
between m/z ~ 250 and 850, in agreement with initial
predictions by Boduszynski et al.””~”” and later TRED reports
by Mullins et al.”®”” Second, the original archipelago model
suggested structures with more than 10 aromatic cores because
the structure was based on a high, but incorrect, asphaltene
molecular weight. It is more likely that actual archipelago
structures comprise up to 4 aromatic cores, as recently reported
by atomic force microscopy.””*’ Third, the nature of the
“archipelago bridges” will remain, for now, unaddressed, as it is
not currently possible to determine if the bridges between the
individual aromatic cores are aryl—aryl, alkyl chains, or/and
multiple naphthenic rings. To that end, a detailed character-
ization of aryl—aryl and alkyl- and cycloalkyl-substituted model
compounds is currently underway in order to determine
correlations between dissociation energetics and the nature of
the archipelago bridges; this will be the subject of a future
publication.

Comprehensive Asphaltene Characterization Assisted
by Extrography Fractionation. Tandem MS analyses of
whole samples suggest that island structures are dominant for
Wyoming Deposit asphaltenes, whereas Athabasca Bitumen
asphaltenes are composed of abundant island and archipelago
motifs. However, it has been demonstrated that mass spectral
characterization of unfractionated asphaltenes has a critical
limitation that arises from their intrinsic heterogeneous
aggregation.>*”*® Thus, an extrography method designed to
separate asphaltenes on the basis of aggregation trends (and
therefore ionization efficiency in APPI) is used to extend MS
characterization. In this separation, the first solvent series
(acetone and acetonitrile) selectively extracts species with high
monomer ion yield (high ionization efficiency). The second
series, composed of heptane, toluene, tetrahydrofuran, and
methanol, separates remnant asphaltenes by polarity, which
possess much lower monomer ion yields (low ionization
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efficiency). Figure 4 includes bar graphs that summarize the
mass percentage (gray bars, left y axis) and the MIY (red bars,
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Figure 4. Mass recovery, mass distribution, and monomer ion yield for
the extrography fractions derived from Wyoming Deposit (top) and
Athabasca Bitumen (bottom) C, asphaltenes.

right y axis) for each fraction from Wyoming Deposit (top) and
Athabasca Bitumen (bottom) C, asphaltenes. Figure 4 also
presents the mass recovery of the fractionation. Monomer ion
yield denotes a relative measure of the production of monomer
(nonaggregated) ions from petroleum-derived samples. Mono-
mer ion yield is a value inversely proportional to the
accumulation period required to accumulate a target number
of ions at a given sample concentration. Thus, samples that
efficiently ionize, such as aromatic crude oil fractions, require
shorter accumulation time to hit a target number of ions, which
translates into a higher monomer ion yield. Supporting
Information Tables S1 and S2 show gravimetric results,
accumulation period, and MIY for whole samples and fractions.
Wyoming Deposit asphaltenes are enriched in acetone (~35.1
wt %) and toluene (~31.8 wt %) fractions, whereas Athabasca
Bitumen asphaltenes exhibit a high concentration of species that
elute with Tol/THF (~41.5 wt %). Both samples exhibit a
depleted mass in the ACN and THF fractions (<0.2 wt %). The
greatest monomer ion yield is noted in the acetone fraction for
both asphaltene samples, which decreases for the second solvent
series as a function of increasing polarity. For example, the
acetone fraction from Wyoming Deposit (MIY = 50.00)
presents ~90-fold greater monomer ion yield than the toluene
fraction (MIY = 0.55). Athabasca Bitumen asphaltenes have a
similar trend; the acetone fraction exhibits ~30-fold greater
monomer ion yield (MIY = 10.00) than the toluene fraction
(MIY = 0.33). Importantly, the ~5X difference in MIY between
the acetone fractions of each sample (Wyoming deposit ~ 50
and Athabasca Bitumen ~ 10) suggests that the acetone
fractions from both asphaltenes are compositionally/structurally
different.

The mass recovery and the mass distribution of the fractions
suggest that Athabasca Bitumen asphaltenes exhibit stronger
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Figure S. Color-contoured isoabundance plots of DBE versus carbon number for the class S; and fragmentation spectra of precursor ions at m/z 453—
457 for the extrography fractions derived from Wyoming Deposit Asphaltenes (top panel) and Athabasca Bitumen (bottom panel) C, asphaltenes.

adsorption on the SiO, stationary phase. Although the mass
recovery for Athabasca Bitumen is slightly lower (~90.9 wt %)
than that for Wyoming Deposit asphaltenes (~96.0 wt %), more
than ~42.0 wt % of the sample is extracted in the three latest/
polar fractions (Tol/THF, THF, and THF/MeOH), whereas
only ~25.0 wt % of Wyoming Deposit is recovered in the latest
fractions.

Selective Isolation of Asphaltene Fractions with High
Monomer lon Yield Enables Observation of Otherwise
Undetected Species. Figure S presents a compositional and
structural comparison between Wyoming Deposit (top panel)
and Athabasca Bitumen (lower panel) asphaltenes enabled by
extrography fractionation coupled with APPI FT-ICR MS and
IRMPD. Figure S includes plots of DBE versus carbon number
for the class S; (without fragmentation) and fragmentation
spectra derived from IRMPD of precursor ions at m/z 453—457.
ACN and THF fractions are excluded due to their low
concentration (<0.2 wt %) in the whole samples. Figures S1—
S7 of the Supporting Information present DBE versus carbon
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number plots for the classes HC, N, Oy, S,, S;, N,0,S,, and
N,S,. All of the fractions derived from Wyoming Deposit exhibit
a classical (island-type) asphaltene composition. In terms of
DBE and carbon number, the acetone fraction resembles the
composition of the unfractionated sample. Importantly,
homologous series length decreases as a function of increasing
fraction number. For instance, at DBE 30, acetone, Hep, Hep/
Tol, Tol, Tol/THF, and THF/MeOH fractions, respectively
exhibit 17, 16, 15, 12, 10, and 10 compositions. Additionally,
from Hep to Tol/THF, the compositional space shifts toward
higher DBE, which indicates increased adsorption of highly
aromatic/alkyl-deficient compounds. Finally, the last fraction,
extracted THF/MeOH|, is enriched with species clustered close
to PAH limit at lower carbon number and lower aromaticity. It is
important to highlight that THF/MeOH is the only polar/protic
mixture in both solvent series, capable of disrupting hydrogen
bonding between asphaltene functionalities and silanol groups
on SiO,. These results agree with Boduszynski’s continuum
model, which predicts a lower carbon number and decreased
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aromaticity for highly polar petroleum species.””**™** Abun-
dance-weighted atomic ratios O/C, N/C, and S/C, provided in
the Supporting Information Figure S8, demonstrate that the
latest fractions are enriched with O-containing functionalities,
which suggests that oxygen content plays a critical role in
asphaltene adsorption on SiO,.**

The acetone fraction from Athabasca Bitumen presents a
classical asphaltene composition with abundant compounds
with DBE values above 20 and a well-defined planar limit.
However, even in the Bitumen acetone fraction we see a small
relative abundance of surprisingly low DBE compounds (DBE <
18). The remaining fractions exhibit a high relative abundance of
species with atypically low DBE values and long homologous
series. For instance, the heptane fraction is composed of
abundant compounds clustered at the PAH limit, with DBE
values as low as 7 and carbon number ranging between ~12 and
50. As the polarity of the second solvent series increases, the
compositional space is enriched with more saturated species
(higher content of CH, units). Tol/THF and THF/MeOH
fractions exhibit abundant compounds with DBE values
between 7 and 15 and carbon number greater than 40. The
classical view of asphaltene structure dictates that most of the
unsaturation (DBE) is part of a single-fused aromatic core."
Given this case, abundant S, species detected in the latest
fractions, with DBE =7 and DBE = 10, could be benzothiophene
(2-ring) and dibenzothiophene (3-ring) cores having one fused
cycloalkane ring and ~15—25 CH, units in alkyl side chains.
These structures are not consistent with strong adsorption on
SiO, or the classical nanoaggregation mechanism for petroleum
asphaltenes, where large fused aromatic cores undergo #
stacking to produce stable aggregates.'”'® Indeed, these
elemental compositions are also abundant in aromatic/resin
fractions from heavy oils, which exhibit hi§h solubility in
heptane and efficient ionization in APPL****%*~5 Thus, it is
important to reiterate that all extrography fractions derived from
Wyoming Deposit and Athabasca Bitumen fit into the solubility
definition of asphaltenes: the fractions are heptane insoluble and
toluene soluble. In effect, the solubility in toluene decreases as a
function of increasing fraction number (discussed below).*”’
Thus, the reason for the strong adsorption on SiO, and the
decreased solubility of these fractions in Hep/Tol appears
puzzling.

Separation of asphaltenic samples into fractions with
distinctive MIY exposes extensive compositional differences
between Wyoming Deposit and Athabasca Bitumen asphaltenes.
Infrared multiphoton dissociation demonstrates that all
fractions from Wyoming Deposit (Figure S, upper panel)
preferentially exhibit dealkylation fragmentation. Moreover,
under optimized IRMPD conditions,* precursors are the most
abundant ions in the broad-band fragmentation spectra. This
behavior strongly suggests that island is the dominant structure
in Wyoming Deposit asphaltenes. On the other hand, the
fragmentation behavior of Athabasca Bitumen fractions suggests
abundant archipelago motifs. All of the extrography fractions
exhibit the island-distinctive dealkylation fragmentation at high
m/z and the low-molecular weight distribution that arise from
the dissociation of archipelago structures composed of small
PAHs.'* The acetone fraction exhibits comparable abundance
of the dealkylation pattern and the low MWD, suggesting similar
amounts of island and archipelago motifs. As the polarity
increases during the second solvent series, the abundance of the
precursors (relative to the fragment ions) decreases; the
distribution of fragments is enriched in the low MWD. The
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latest fractions, Tol/THF and THF/MeOH, are depleted in
highly aromatic island-type compounds and exhibit the highest
relative abundance of fragments consisting of small PAHs (with
m/z ~ 100—300, discussed below). It is worth highlighting that
the higher concentration of archipelago structures in Athabasca
Bitumen acetone fraction may be the reason behind the 5-fold
lower monomer ion yield when compared with the island-
dominant acetone fraction derived from Wyoming Deposit
asphaltenes.

Need for a New Molecular Definition of Asphaltenes.
The insolubility of asphaltenes in paraffinic solvents has been
attributed to their highly aromatic/alkyl-deficient nature that
promotes strong aggregation by z stacking, which is known as
the Yen-Mullins model."*'® On this basis, the compositional
space of petroleum asphaltenes should be enriched with
pericondensed compounds clustered at the PAH limit, with
DBE values greater than ~20 (more than ~7 fused rings) and
depleted content of CH, units (short homologous series/less
steric hindrance). However, the composition of more than ~60
wt % of Athabasca Bitumen asphaltenes does not match the
classical asphaltene model. Figure 6 presents plots of DBE versus

Athabasca Bitumen C, Asphaltenes
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Figure 6. Color-contoured isoabundance plots of DBE versus carbon
number for the classes S, S,, S3, 0;S;, O,S,, and O,S; for the toluene
fraction extracted from Athabasca Bitumen C, asphaltenes.

carbon number for S-containing classes such as Sy, S,, S;, O;S,,
0,S,, and O,S; for the toluene fraction extracted from
Athabasca Bitumen asphaltenes. The compositional space of
the class S;, composed of a high relative abundance of species
with carbon number as high as ~50 and low DBE values between
6 and 12, is highly atypical. In fact, the lower DBE limits for the
Sy, S,, and S; classes are 1, 2, and 3 DBE and thus must contain
sulfidic functionalities. Similarly, Rogel, and Schuler et al. also
reported atypical compositions for asphaltene samples from
diverse geological origin. These findings suggest the need for a
new molecular description of petroleum asphaltenes.””"”*

It is important to highlight that all extrography fractions fit
into the solubility definition of petroleum asphaltenes. Figure 7
illustrates the precipitation trends when whole asphaltene
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Figure 7. Precipitation mass percentage versus titrated volume
percentage of heptane in toluene solution for whole samples, acetone,
and toluene fractions derived from Wyoming Deposit (Top) and
Athabasca Bitumen (bottom) C, asphaltenes.

samples and fractions (acetone and toluene) are titrated with
heptane. For whole Wyoming Deposit asphaltenes, the addition
of 20% v/v of heptane induces the precipitation of ~14 wt % of
the sample, whereas titration with 60% and 90% v/v of heptane
results in the precipitation of ~45 and ~92 wt % of the sample.

On the other hand, the acetone fraction, with the highest
monomer ion yield, exhibits increased stability in Hep/Tol.
With 20% v/v of heptane, only ~7 wt % is precipitated, whereas
the addition of 90% v/v of heptane only precipitates ~54 wt % of
the fraction. Conversely, the toluene fraction is less stable. The
addition of 20% and 90% v/v of heptane promotes the
precipitation of ~28 and ~93 wt % of the fraction. Combined
with structural and compositional information given in Figure 5,
precipitation results demonstrate that Wyoming Deposit
asphaltenes agree with the Yen-Mullins model: the aggrega-
tion/precipitation is stronger for fractions with higher DBE and
fewer alkyl side chains (less steric hindrance).'>"*’

Athabasca Bitumen asphaltenes exhibit similar precipitation
trends. However, the acetone fraction appears to be less stable
than that from the Wyoming Deposit; the addition of 90% v/v of
heptane causes precipitation of ~75 wt % of the fraction.
Importantly, ~98 wt % of the toluene fraction is precipitated by
addition of 90% v/v of heptane. Therefore, regardless of the
atypical composition (low DBE/high carbon number), the
toluene fraction from Athabasca Bitumen matches the solubility
definition of asphaltenes. All of the extrography fractions
extracted after acetone are insoluble in heptane and soluble in
toluene. Moreover, the precipitation data at 90% v/v suggest
that the solubility in toluene decreases as a function of increasing
fraction number. Indeed, toluene, Tol/THF, and THF/MeOH
fractions require heating/sonication for solubilization in
toluene. These results agree with the solubility behavior of
asphaltene fractions previously reported by Gawrys,” Spieck-
er,’® and Kaminski et al.,”® who reported an inverse correlation
between fraction polarity and asphaltene solubility in toluene. It
is worth highlighting that given that the compositional space of
the latest fractions from Athabasca Bitumen differ from the
classical definition of asphaltenes, the reason for their solubility
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Figure 8. Fragmentation spectra and combined color-contoured isoabundance plots of DBE versus carbon number for precursor and fragment ions for
m/z (left) 453—457 and (right) m/z 602—606 for the acetone fraction from Wyoming Deposit C; asphaltenes.
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polyheteroatomic precursor and fragment ions for m/z (left) 453—457 and (right) m/z 652—656 for the acetone fraction from Athabasca Bitumen C,

asphaltenes.

behavior should be explained by a model different than the Yen-
Mullins theory.

Importance of Stucture and Functionality. It is apparent
from the data in Figures S and 6 that both structure and chemical
functionality are driving factors in the elution of compounds
from the silica gel surface. For example, we observe a clear shift
in the DBE distributions of the S, class for Athabasca Bitumen
asphaltenes with elution order. The toluene fraction shows a
high relative abundance of low DBE ions ranging down to DBE
values of 1. This indicates the clear presence of sulfides and/or
thiols in these fractions. However, this atypical composition is
not the case for all samples, yet sulfur classes are still present in
later eluting fractions. It was shown in the second paper of this
series that compounds of the same molecular formula elute in
drastically different solvent compositions (e.g, acetone and
Tol:THF) and, further, that those compositions revealed
different types of fragmentation pathways (i.e., compositions
in the acetone fractions showed island-type dealkylation, and
compositions in the Tol-THF fraction showed more
archipelago-type fragmentation with dealkylation and loss of
aromaticity). This trend was highlighted with high-DBE ions
from the S, class. This is of special interest, as these sulfur
compounds are likely thiophenic in nature. As such, the
observed S-compounds are nonpolar and should not exhibit
such varied elution behavior. However, the fact that compounds
elute under such drastically different solvent compositions and
show different fragmentation pathways suggests that structure
also plays a role in the retention of the silica surface. Gray,
Sjblom, and Kilpatrick et al.”' =" have all previously pointed
out the analogy between asphaltenes and proteins. Gray and co-
workers demonstrated that adsorption of asphaltene samples on
kaolinite is kinetically limited (like proteins) and proposed that
conformational changes of asphaltenes could increase surface
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contact, which may induce low rates of desorption.”’ Alon
similar lines, Spiecker, Sauerer, and Kilpatrick et al ™%
demontrated long equilibration periods for asphaltenes and
their polar fractions adsorbing at oil/water interfaces; this
behavior could be ascribed to asphaltene slow diffusion and slow
rearrangement. This phenomenon, by which archipelago
structural motifs possess the conformation freedom necessary
to maximize surface interactions, may explain the difference in
retention for nonpolar isomeric species present in asphaltenes. It
may also explain the decrease in solubility associated with later-
eluting fractions. Whatever the reason, it is obvious that the
retention of asphaltenes on silica gel is complex and merits
further investigation.

Asphaltene Samples, Always a Mixture of Island and
Archipelago? Figure 8 presents the fragmentation spectra of
isolated ions at m/z 453—457 (left) and m/z 602—606 (right)
for the sample with the highest contribution of island motifs: the
acetone fraction extracted from Wyoming Deposit asphaltenes.
The zoom-mass insets exclude the precursor ions and facilitate
visualization of island and archipelago fragments. Fragment ions
derived from precursors at m/z 453—457 exhibit a dominant
contribution of island structures; the dealkylation “decay
pattern” is the prevailing fragmentation route, and the low
MWD presents a decreased abundance. However, an increase of
~150 Da in the mass isolated segment (to 602 < m/z < 606)
reveals a greater content of archipelago motifs; the zoom mass
inset (Figure 8, right) demonstrates that in addition to the
abundant dealkylation fragmentation between m/z = 300 and
600 there is a low molecular weight distribution between m/z ~
100 and 300. The DBE versus carbon number plots indicate that
HC, monoheteroatomic, and polyheteroatomic species with m/
z 453—457 are enriched with island structures: the majority of
the fragments (~71%, ~80%, and ~98%, respectively) exhibit
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DBE values equal to/above the island/archipelago boundary.
On the other hand, fragmentation of precursor ions at m/z 602—
606 reveals abundant hydrocarbons (~47%) and monoheter-
oatomic fragments (~30%) derived from archipelago motifs and
evidence for the existence of polyheteroatomic archipelago
structures, as indicated by the detection ~5% of polyheter-
oatomic fragments with DBE values between 5 and 13, below the
island/archipelago boundary. These results suggest that even
island-dominant samples exhibit, to some extent, a contribution
of archipelago structures.

Closer Inspection of Bitumen Asphaltene Fragmenta-
tion. The composition and structure of the bitumen asphaltenes
(and associated extrography fractions) offer a unique oppor-
tunity to evaluate the ability of APPI FT-ICR MS with IRMPD
to detect and characterize island and archipelago structural
motifs. Specifically, the high relative abundance of vanadyl
porphyrins (N,O,V, class), which are a known structural class
and known to be island in nature, provides a unique molecular
class and known structural motif to evaluate the IRMPD
method. Figure 9 presents the IRMPD results from two different
mass isolated windows, m/z 453—457 (left) and m/z 652—656
(right), along with their associated fragment plots of DBE versus
carbon number for the bitumen asphaltene acetone fraction.
The mass-isolated segment m/z 453—457 contains no
porphyrin species, and as previously discussed, the IRMPD
results demonstrate the characteristic island and archipelago
fragmentation patterns. The higher mass-isolated segment (m/z
652—656) was specifically isolated because it was previously
determined to contain alkylated vanadyl porphyrins.”® As
expected, the IRMPD results reveal abundant island, vanadyl
porphyrin fragments as well as the lower MWD characteristic of
archipelago species. Thus, the proposed methodology yields

structural data that is consistent with known structural motifs in
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petroleum. In the current example, the determination of island
versus archipelago motifs for the polyheteroatomic ions is
difficult due to the wide distribution of DBE values present in the
precursor ions. Thus, the ability to distinguish between high and
low DBE precursor will be the discussion of a future manuscript.

The bitumen extrography toluene fraction offers another
unique opportunity, as it contains a high relative abundance of
“atypical” asphaltenes with low DBE values and wide carbon
number ranges (Figure S, bottom). Figure 10 presents the
IRMPD results from 2 different mass isolated windows, m/z
453—457 (left) and m/z 652—656 (right), along with their
associated fragment plots of DBE versus carbon number. As
highlighted in the red ovals for both mass isolated segments, the
“atypical” compositional space of this fraction results in the
isolation of precursor ions that span an abnormally wide DBE
range. In the lower mass isolated segment (m/z 453—457),
distinct island and archipelago fragmentation patterns are clearly
evident. However, the higher mass isolated segment (m/z 652—
656) displays an overwhelming contribution of archipelago-type
fragmentation. Despite the large contribution of the archipelago
fragmentation pattern, special care must be taken in
interpretation due to the wide DBE range of the precursor
ions. Importantly, HC and monoheteroatomic precursor ions,
with DBE values from 25 to 42, appear to be enriched with
bridged PAHs (archipelago motifs): there is no production of
HC, S}, N}, and O, fragments that span this high DBE range.
The results clearly reveal abundant archipelago species;
however, the high abundance of low DBE precursor ions also
suggests abundant (highly alkylated small PAHs) island
structures as well.

Planar Limit Slopes Predict a Higher Concentration of
Archipelago Motifs at High m/z. DBE versus carbon number
plots reveal additional structural information through the
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analysis of the planar limit slopes. Planar limits are the lines
generated by connecting maximum DBE values at given carbon
numbers.”” Several reports suggest the use of planar limit slopes
for understanding the molecular structure of petroleum.”””” ="
For instance, Marshall et al.'°”'°" demonstrated that the
maximum value for the slope, for the compositional space of
petroleum-derived samples, is ~0.90 (known as the “90% rule”).
Therefore, the maximum DBE value for a planar fossil
hydrocarbon cannot exceed ~90% of its carbon content. In
another report, Cho et al® suggested correlations between the
slope and the structure of SARA fractions from crude oils. The
authors concluded that the planar limit slope is ~0.25 for
saturated hydrocarbons, ~0.75 for aromatics, and ~0.90 for
samples enriched with pericondensed PAHs (resins and
asphaltenes).

The detailed inspection of the DBE versus carbon number
plots given in Figure S reveals an interesting feature: the planar
limit slope decreases as a function of increasing carbon number.
Moreover, some classes exhibit a compositional space with two
regions clearly defined by a different planar limit slope. Figure 11
highlights the change of the slope as a function of increasing
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Figure 11. Color-contoured isoabundance plots of DBE versus carbon
number for the class S,** for the acetone and toluene fractions from
Wyoming Deposit C; asphaltenes. Planar limits are highlighted with red
and green dotted lines; plots include the planar limit equations. Effect of
aromatic condensation and island/archipelago motifs on the slope is
represented with model structures.
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carbon number for the class S,*" in the acetone and toluene
fractions for Wyoming Deposit asphaltenes. Supporting
Information Figures S9 and S10 include a detailed description
about the calculation of the planar limit slopes. For an illustrative
purpose, Figure 11 also shows examples of the variation of slope
when the or§anlzat10n of aromatic rings follows different growth
patterns.””"**'?> The addition of carbon and hydrogen atoms to
produce pericondensed structures generates planar limit slopes
close to ~0.90. When the addition of aromatic rings produces
catacondensed compounds, the slope decreases to ~0.75. On
the other hand, on the addition of aromatic rings to generate
archipelago structures, where the bridges between the individual
cores are either aryl—aryl or naphthenic r1n§s, the slope
decreases to ~0.62. Blanco-Combariza et al.'” reported an
approach to extract structural information from FT-ICR MS
data of fossil fuels on the basis of periodic tables of benzenoid
hydrocarbons.'**~'%° The authors suggested that compositions
close to the PAH limit, with slopes near ~0.90, are less diverse
(fewer isomers) because they consist of pure pericondensed
structures. As the molecular formulas move toward the right side
of the homologous series or the planar limit slope decreases
there is greater structural diversity: the benzenoid periodic
tables predict the presence of catacondensed compounds and
species with multiple cores linked by aryl— aryl bridges, like the
archipelago structures found by Schuler et al.**

Figure 11 shows that low-DBE S,** compounds (DBE < 30),
contained in acetone and toluene fractions from Wyoming
Deposit asphaltenes, exhibit planar limit slopes of 0.83 and 0.90.
The turning point occurs between carbon numbers ~35 and 38,
where both slopes decrease to 0.55. This behavior suggests the
existence of a “carbon limit” where the structure cannot support
a higher pericondensation, and further addition of carbon and
hydrogen atoms would likely produce catacondensed moieties
or archipelago structures. In other words, the slope decreases as
a function of increasing carbon number, which suggest that high-
molecular weight asphaltenes exhibit a greater structural
diversity through an increase in catacondensed structures and
archipelago motifs. Supporting Information Figure S11 includes
examples for the decrease of the planar limit slope as a function
of increasing carbon number for additional samples: Athabasca
Bitumen, Petrophase 2017, and South American Medium
asphaltenes.

B CONCLUSIONS

The direct infusion APPI FT-ICR MS analysis of two asphaltene
samples that were previously shown to be island dominant
(Wyoming Deposit) and archipelago dominant (Athabasca
Bitumen) revealed that the Wyoming Deposit asphaltene
sample had a lower spectral complexity with species that
spanned a narrow distribution at low mass defect (hydrogen
deficient). The bitumen asphaltene sample was more composi-
tionally complex and contained species over a wider mass defect
range (higher degree of alkylation). The fragmentation
(IRMPD) of mass-isolated segments from each sample yielded
fragmentation patterns consistent with their previously
determined structure. The Wyoming Deposit asphaltene
demonstrated island-dominated fragmentation patterns that
slightly increased in archipelago-type fragments with increased
molecular weight. The Athabasca bitumen asphaltene yielded
abundant island and archipelago fragments that became
increasing archipelago with increased mass. Both samples were
subjected to an extrography fractionation method that isolated
species of similar ionization efficiency, which facilitated
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detection of species with low monomer ion yield. The
subsequent IRMPD analysis of these fractions confirmed the
island dominance of the Wyoming Deposit asphaltene structure,
as abundant archipelago fragments were only detected in the
latest eluting fractions. The bitumen asphaltene was shown to
contain abundant archipelago species in all extrography
fractions, with “atypical” sulfur-containing asphaltenes that
started to elute in the toluene fraction, and continued to the last
extrography fraction. These atypical species were shown to
contain sulfidic/thiol compounds, abundant archipelago
structures, as well as highly alkylated island species. Finally, as
previously documented in the literature, planar limit slopes were
shown to correlate to structural type: island at slopes ~0.9
(carbon numbers less than 35) and archipelago ~0.5 (carbon
numbers greater than 35). Thus, collectively these results
provide strong evidence that both island and archipelago
structural motifs are abundant in petroleum asphaltenes, and the
ratio of each is sample dependent.
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