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ABSTRACT: For decades, discussion of asphaltene structure focused primarily on molecular weight. Now that it is widely
accepted that asphaltene monomers are between ∼250 and 1200 g/mol, disagreement has turned to asphaltene architecture. The
classic island model depicts asphaltenes as single core aromatic molecules with peripheral alkyl side chains, whereas the less
widely accepted archipelago model, includes multiple aromatic cores that are alkyl-bridged with multiple polar functionalities.
Here, we analyze asphaltene samples by positive-ion atmospheric pressure photoionization Fourier transform ion cyclotron
resonance mass spectrometry and perform infrared multiphoton dissociation to identify their aromatic core structures to shed
light on the abundance of island and archipelago structural motifs. Our results indicate that island and archipelago motifs coexist
in petroleum asphaltenes, and unlike readily accessible island motifs, asphaltene purification is required to detect and characterize
archipelago species by mass spectrometry. Moreover, we demonstrate that mass spectrometry analysis of asphaltenic samples is
biased toward the preferential ionization/detection of island structural motifs and that this bias explains the overwhelming mass
spectral support of the island model. We demonstrate that the asphaltene structure is a continuum of island and archipelago
motifs and hypothesize that the dominant structure (island or archipelago) depends upon the asphaltene sample.

■ INTRODUCTION

The evolution of the molecular view of the asphaltene structure
is fraught with controversy and inconclusive debates.1−3 For
example, after 40 years of research, asphaltene molecular weight
distributions still varied by more than an order of
magnitude.4−10 At some point, the debate focused on whether
asphaltenes were monomers or polymers and how that affected
molecular weight. Today, the consensus is that asphaltenes are
monomeric,11 and techniques such as time-resolved fluores-
cence depolarization (TRFD) and mass spectrometry (MS)
converged on molecular weights between ∼250 and 1200 g/
mol, with an average of approximately 750 g/mol.11−20

However, disagreement remains on the molecular structure
of asphaltene monomers. There are two schools of thought as
to the nature of aromatic core organization within asphaltene
compounds.21,22 The classic island architecture, also referred as
“like your hand” model, depicts asphaltenes consisting of one
aromatic core (the palm) with peripheral alkyl side chains (as
fingers).23 On the contrary, the archipelago model suggests that
asphaltenes contain more than one aromatic core linked by
alkyl bridges.24 The island model is rooted in the early 1960s
work of Yen and co-workers, who used X-ray diffraction to
propose a hierarchical model for the asphaltene structure.25

Afterward, the widely accepted molecular picture of asphaltenes
assumed that most of the aromatic rings were condensed into a
single fused core with peripheral alkyl side chains and
heteroatomic functionalities. In these structures, π stacking
between the aromatic sheets was thought to be the driving
molecular interaction for aggregation.26−28 Since the early
2000s, asphaltene analyses by direct molecular imaging,29

fluorescence depolarization,7,30 and MS/tandem MS31−33 have

strengthened the hypothesis of the dominance of island
structures in petroleum asphaltenes.

Asphaltenes Are Island. Direct molecular imaging by
atomic force microscopy (AFM) suggests that only one
polycyclic aromatic hydrocarbon (PAH) core, made up of ∼7
fused rings, is the dominant structure in asphaltenes.34

According to Groenzin and Mullins, this molecular motif is
in agreement with the known molecular weights for petroleum
asphaltenes and the results from TRFD.7 In TRFD studies,
both island model compounds and petroleum asphaltenes
exhibit similar rotation times. Thus, asphaltenes are island.
Several MS reports by Pomerantz and co-workers35 and
Kenttam̈aa and co-workers36 further support the predominant
structure of only one PAH per asphaltene molecule. In the case
of Pomerantz and co-workers, two-step laser desorption/
ionization mass spectrometry (L2MS) is chosen to analyze
asphaltene samples because of its proposed ability to suppress
plasma-phase aggregation.14,35,37 Since 2008, this technique was
employed to measure monomeric molecular weight distribu-
tions (MWDs) for asphaltenes, which range between ∼350 and
1200 Da, with a broad maximum near 600 Da. With regard to
the asphaltene structure, L2MS analysis of asphaltene model
compounds demonstrated that archipelago structures undergo
extensive fragmentation as a result of cleavage of alkyl bridges,
even at low laser energies (∼3.5 mJ).35 On the other hand,
island compounds only exhibit mass loss that corresponds to
fragmentation of alkyl side chains. Similarly, other publications
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demonstrated that the variation of the laser power in the MS
analysis of asphaltenes did not produce extensive fragmenta-
tion. These results were considered unquestionable evidence
for the dominance of island structural motifs in asphaltenes.35,38

Additional MS reports on the behavior of virgin asphaltenes
in unimolecular decomposition studies (tandem MS) by laser-
induced acoustic desorption (LIAD) coupled to electron
impact ionization indicate a predominance of island motifs.36

Kenttam̈aa and co-workers31 traced the fragmentation behavior
of seven asphaltene samples from different geological origins,
including Maya and Surmont asphaltenes. Regardless of
geological origin and molecular weight, all asphaltene ions
preferentially exhibited fragmentation pathways that correlated
to island motifs, where the mass losses indicated only cleavage
of alkyl side chains. In this report, the authors concluded that
the minimum core size for asphaltenes is 4 fused aromatic rings
and that high-molecular-weight asphaltenes are a result of
increased alkyl side-chain content.31

Recently, Schuler et al.29 used AFM and scanning tunneling
microscopy to reveal the structure of more than 100 asphaltene
molecules derived from UG8 Kuwait crude oil. The structures
found in this study demonstrate that asphaltenes are ultra-
complex mixtures that exhibit a wide diversity of molecular
motifs. The results highlight the predominant detection of
island-type motifs, including highly peri- and cata-condensed
PAH structures with five-membered rings within the cores. This
work also demonstrated the first direct observation of few
archipelago-type structures but with bridges no longer than one
single bond.
Asphaltenes Must Be Island and Archipelago. Despite

all of the support for island motifs as the dominant architecture
of petroleum asphaltenes, the model has several fundamental
flaws. Many comprehensive works suggest that asphaltenes
exhibit a series of properties that are not explained by the island
model.36−39 Such properties include heterogeneous aggregation
of asphaltenes,40 occlusion of saturates and alkyl aromatic
compounds inside asphaltene networks,41,42 extensive solvent
entrainment,43 and the chemistry of the upgrading products
(e.g., hydroprocessing, thin-film pyrolysis, and thermal
cracking).4,44 In thermal cracking and thin-film pyrolysis,
asphaltenes produce a wide diversity of gas (e.g., H2S, CO2,
CH4, and C2H6), liquid, and solid (coke, insoluble in both
heptane and toluene) products.45 Liquids, usually referred to as
distillables, can be fractionated into compounds that are n-
heptane-soluble (produced maltenes) and compounds that are
n-heptane-insolubles but toluene-solubles (residual asphal-
tenes). Several reports on the molecular characterization of
the distillable products from asphaltene thermal cracking
indicate substantial production of 1−4-ring alkyl aro-
matics.44,46−48 Collectively, these observations challenge the
hypothesis of the island model as the sole or even the dominant
structural motif. If asphaltenes are dominated by an island-type
architecture, the products of thermal cracking processes would
be coke, light-naphtha-range alkanes, and gases, which they
clearly are not.49−51 The fact that asphaltene samples from
diverse geological origins yield different amounts of coke under
the same pyrolysis conditions (from ∼10 to ∼75 wt %)
indicates that these complex samples exhibit a wide diversity of
molecular motifs.52−55 We hypothesize that the predominance
of island or archipelago motifs depends upon the asphaltene
sample and is of paramount importance, because the
quantitation of these motifs in crude oils should be an accurate
method to predict yields/optimal conditions for upgrading

heavy feedstocks and, ultimately, process-dependent economic
value.
The use of thermal cracking as a tool for quantification of

archipelago and island structures in petroleum is a challenge
because of the need to minimize secondary reactions between
the primary cracked products. However, Gray and co-
workers56,57 demonstrated that thin-film pyrolysis yields
undeniable evidence of the high concentration of bridged
structures in asphaltenes from diverse geological origins (i.e.,
Maya, Athabasca, and Cold Lake).56,57 Mass balance results and
analysis of the liquid products by nuclear magnetic resonance
(NMR) and gas chromatography demonstrate the complexity
of the aromatic products. The molecular composition of the
produced liquids indicates a high concentration of 1−4+-ring
aromatics, thiophenes, and naphthenobenzothiophenes. This
complexity is the result of the high abundance of aromatic cores
linked by alkyl bridges. Despite the evidence, several reports
indicate that the data from bulk decomposition studies are
easily misinterpreted as a result of secondary reactions.13,26,58

To the best of our knowledge, the most ideal way to perform
molecular-level decomposition studies is by MS. Mass
specrometric analyses provide the ability to isolate small
fractions of asphaltene ions based on their molecular weight
(m/z), and decomposition under high vacuum (10−10 Torr)
ensures that the probability of secondary reactions is extremely
low. Infrared multiphoton dissociation (IRMPD) followed by
ion cyclotron resonance MS has proven useful to understand
building blocks in complex mixtures.59,60 Podgorski et al.61

showed evidence of archipelago structures in deasphalted heavy
distillate [atmospheric equivalent boiling point (AEBP) of
523−593 °C] from a DISTACT distillation by Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) with IRMPD. Samples were separated on the basis of
the number of fused aromatic rings, and observation of
archipelago structures was most obvious in the analysis of the 4-
and 5-ring fractions. Parent ions isolated from the 5-ring
fraction were centered about double bond equivalents (DBE)
of ∼21, and abundant fragment ions were detected as low as
DBE of 7. This data provides clear evidence of archipelago
structures in heavy distillates. The work also presented results
from n-pentane (C5) maltenes and asphaltenes isolated from
the n-heptane deasphalted oil. The results revealed that the C5
asphaltene fragment ions were enriched in low DBE structures
(archipelago), whereas the C5 maltenes were enriched in
fragments with DBE of >20 (island).61

Here, we address the inconsistency of mass spectral results in
the structural analysis of asphaltenes in hopes to reveal the
reason behind the pervasive (but incorrect) hypothesis that all
asphaltene samples are predominately composed of island
structural motifs. C5, C5−6, and C7 asphaltenes were isolated
from a South American heavy oil, and entrained maltenes (co-
precipitants) were successively removed by a purification
process reported elsewhere.41 The asphaltene samples, before
and after purification, were analyzed by FT-ICR MS and
subjected to IRMPD experiments to reveal the aromatic core
building blocks, to assess the importance of co-precipitant
removal in mass spectrometric structural analysis of asphal-
tenes. IRMPD results indicate that island and archipelago
structures coexist in petroleum asphaltenes and that the wide
range of monomer ion yields exhibited by the compounds in
asphaltenes limit their complete characterization. Specifically,
our results indicate that island structural motifs ionize more
efficiently than archipelago structures, most likely as a result of
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increased aggregation of archipelago structures that thus limits
their monomer ion yield. Thus, selective separation of island
compounds is of paramount importance to extend the
characterization of asphaltenes and detect archipelago species.

■ EXPERIMENTAL SECTION
Materials. Analyses were conducted with asphaltenes from a South

American heavy oil [American Petroleum Institute (API) gravity of
14.2°]. High-performance liquid chromatography (HPLC)-grade n-
heptane (C7), n-pentane (C5), and toluene (J.T. Baker Chemicals,
Phillipsburg, NJ, U.S.A.) and Whatman 2 filter paper (30 μm, 150 mm
diameter, GE Healthcare Bio-Sciences, Pittsburgh, PA, U.S.A.) were
used as received. Asphaltene model compounds, coronene, perylene,
dibenzo[a,h]anthracene, pentacene, truxene, benzo[k]fluoranthene,
and rubrene, were purchased from Sigma-Aldrich (St. Louis, MO,
U.S.A., purity of ≥99.0%). Model compounds provided by Murray R.
Gray, named as ABA, DDP, and chol-thiophene, are reported
elsewhere.62

Asphaltene Precipitation Process. Figure S1 of the Supporting
Information illustrates the sample preparation procedure with
gravimetric results. Asphaltenes were precipitated following a modified
ASTM D6560-12 method. Crude oils (∼10 g) were sonicated
(Branson Ultrasonics, Danbury, CT, U.S.A., 22 kHz and 130 W) at 60
°C as 400 mL of n-heptane was added dropwise over a 2 h period. The
mixture was allowed to stand for 24 h, and solids (unclean
asphaltenes) were separated from C7 maltenes by filtration (Whatman
grade 42) and washed in a Soxhlet extractor with C7 for 120 h. C7
asphaltenes were recovered by dissolution in hot toluene (∼98 °C),
which was evaporated under nitrogen to yield solid ASTM C7
asphaltenes. Subsequently, C7 asphaltenes were purified by further
extraction of occluded maltenes, following a procedure published
elsewhere.41 C5 asphaltenes were prepared as described above. As a
result, unclean C5 asphaltenes, ASTM C5 asphaltenes, and purified C5
asphaltenes were obtained. Additionally, 0.2 g of purified C5
asphaltenes was washed with n-heptane for 72 h to extract C5−6
asphaltenes. The samples were dried under N2, weighed, and stored in
the dark to avoid photooxidation. This procedure was repeated in
triplicate.
Positive-Ion Atmospheric Pressure Photoionization

[(+)APPI] FT-ICR MS. Samples were dissolved in toluene at a
concentration of 200 μg mL−1 and directly infused at 50 μL min−1. A
Thermo-Fisher Ion Max APPI source (Thermo-Fisher Scientific, Inc.,
San Jose, CA, U.S.A.) was operated with a vaporizer temperature of
350 °C. N2 sheath gas was operated at 50 psi, and N2 auxiliary gas (32
mL min−1) helped prevent sample oxidation. Gas-phase neutrals were
photoionized by a 10 eV (120 nm) ultraviolet krypton lamp (Syagen
Technology, Inc., Tustin, CA, U.S.A.). Samples were analyzed with a
custom-built passively shielded 9.4 T FT-ICR mass spectrometer
equipped with a 22 cm horizontal room-temperature bore.63 Time-
domain transient signals (6.2 s) were collected and processed by a

modular ICR data acquisition system (Predator).64 Positive ions were
accumulated externally for 100−3000 ms in the second radio
frequency (rf)-only octopole and collisionally cooled with helium
prior to transfer through a rf-only octopole to a seven-segment, open
cylindrical cell with capacitively coupled excitation electrodes. Chirp
excitation (∼1400−70 kHz at a sweep rate of 50 Hz μs−1 and 360 Vp−p
amplitude) accelerated the ions to a detectable cyclotron radius.
Approximately 75−200 (APPI) time-domain acquisitions were co-
added, Hanning-apodized, and zero-filled once before Fourier
transform and magnitude calculation. Frequency was converted to
m/z by the quadrupolar electric trapping potential approximation.
Spectra were internally calibrated from an extended homologous
alkylation series of high relative abundance before peak detection [>6σ
baseline root-mean-square (RMS) noise] and automated elemental
composition assignment.

Mass Isolation and Fragmentation Analysis.Mass segments (4
Da wide) were isolated by a mass-resolving quadrupole prior to
external ion accumulation and subsequently transferred to the FT-ICR
cell for mass measurement and dissociation. IRMPD (λ = 10.6 μm, 40
W, 50−4000 ms irradiation, Synrad CO2 laser, Mukilteo, WA, U.S.A.)
was performed to fragment the mass-isolated segments in the FT-ICR
cell. All molecular formula assignments and data visualization were
performed with PetroOrg software.65

■ RESULTS AND DISCUSSION

Asphaltene Purification. The work presented here aims to
highlight the importance of solvent cleaning, previously
reported by Chacoń-Patiño et al.41 and Alboudwarej et al.,66

and solvent selection in the precipitation/subsequent analysis
of asphaltenes, especially by MS. Figure 1 shows the
isoabundance color-contoured plots of DBE versus carbon
number for the hydrocarbon (HC) class from maltenes and
unclean C7, ASTM C7, and purified C7 asphaltenes as well as
the co-precipitate wash and entrained maltenes for each
purification step. It is readily apparent that the maltenes and
asphaltenes occupy very different compositional space within
the DBE versus carbon number plots.16 However, the unclean
asphaltenes show a bimodal distribution, with both maltene and
asphaltene contributions. This is due to the presence of co-
precipitated maltenes (co-precipitates) that precipitate along
with the asphaltene molecules. After the first step of Soxhlet
extraction with n-heptane (top right in Figure 1), we observe
that the washing step removed the low DBE maltenes from the
ASTM C7 asphaltenes, which are concentrated in the ASTM
co-precipitate fraction (first co-precipitant fraction). Further
purification, according to previously published work,41 was
conducted by grinding ASTM asphaltenes and cleaning by

Figure 1. Isoabundance color-contoured plots of DBE versus carbon number for the hydrocarbon class from maltenes, co-precipitate wash, entrained
maltenes, and unclean C7, ASTM C7, and purified C7 asphaltenes.
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additional Soxhlet extraction with n-heptane. This purification
process results in purified C7 asphaltenes and a second co-
precipitate fraction (entrained maltenes). The two co-
precipitate fractions closely resemble species observed in the
C7 maltene sample (far left in Figure 1). The importance of the
co-precipitated asphaltenes becomes more evident when we
look at the mass yields and associated monomer ion yields for
all fractions. Figure 2 shows a bar graph where each black bar
equals the mass yield (in weight percent) of each fraction. The
initial precipitation of asphaltene yields 90.8% of the mass in
maltenes and 9.2% of the mass in the asphaltenes (unclean C7
asphaltenes). However, upon initial purification of the unclean
C7 asphaltenes, 20% of the unclean asphaltenes are, in fact,
maltenes (ASTM co-precipitate) that are removed by heptane
extraction. Another 14% are removed (as purified C7 entrained
maltenes) in the second purification step. Thus, the initial 9.2
wt % of asphaltenes dropped yields only 6.1 wt % purified
asphaltenes; greater than 1/3 of the initial asphaltene drop mass
is co-precipitated/entrained maltenes. This is extremely
important, especially when using bulk measurements, such as
elemental ratios, NMR, and fluorescence techniques, because
maltenes are known to have much lower aromaticity (higher
H/C ratio) and are comprised predominately of island
structural motifs.61 The importance in mass spectral analyses
is discussed below.
Monomer Ion Yield. Analysis of asphaltenes by MS is

especially compromised by the presence of maltenes in
supposedly “clean” asphaltene fractions. We now know that
one difficulty in the analysis of asphaltenes by MS arises from
the drastic differences in ionization efficiencies between
maltenes and asphaltenes (red bars in Figure 2). It is thought
that difficulties in ionization and detection of asphaltene
monomers are due to aggregation of asphaltene molecules prior
to and during the ionization process, rather than the ionization
potential of any given asphaltene monomer.16 It is likely that
asphaltene monomers alone have relatively similar ionization
potentials. However, aggregation of asphaltenes during the
ionization process results in reduced ion signal from
monomeric (non-aggregated) asphaltenes. This hypothesis is
supported by previous work,16 where asphaltenes were shown
to aggregate during electrospray ionization at concentrations as
low as 50 μg mL−1. Equation 1 is used to calculate the
monomer ion yield (MIY) for the maltenes, asphaltenes, and

co-precipitated samples, where ta is the time required to
accumulate a target number of ions prior to mass spectral
analysis.

∝
t

monomer ion yield
1

a (1)

The monomer ion yield may be thought of as the inverse of the
time needed to acquire a target number of ions at a given
sample concentration. For these experiments, we held all
sample concentrations constant and varied the ion accumu-
lation time to provide an approximately constant ion number.
Therefore, the monomer ion yield, or the efficiency with which
monomer asphaltene ions are produced, is inversely propor-
tional to the ion accumulation time. This measurement
provides an indication of the ease of detection for monomeric
ions for each sample. Figure 2 shows the monomer ion yield for
each sample. The monomer ion yield of asphaltene samples is
much lower than that of the maltenes and co-precipitates and is
shown to decrease for asphaltene samples with extended
solvent purification. The final purified C7 asphaltenes exhibit a
∼50-fold lower monomer ion yield when compared to the co-
precipitates, despite accounting for 67 wt % (6.1 wt %) of the
initial asphaltene mass (9.2 wt %). Two important conclusions
can be drawn from this data. First, unclean C7 asphaltenes were
comprised of ∼33% co-precipitated maltenes, which exibited
the greatest monomer ion yield; however, the monomer ion
yield of the unclean asphaltene sample is approximately equal
to the ASTM asphaltenes. This indicates that, even in the
presence of ∼33% entrained maltenes (co-precipitated
maltenes), the ionization of the total sample is still poor,
which suggests that aggregation is the prevailing factor for poor
ionization of asphaltene monomers. Second, the purified C7
asphaltenes, which are the largest mass percentage of the initial
unclean asphaltenes (∼67%), exhibit the lowest monomer ion
yield and ionize ∼50 times less efficiently than co-precipitated
maltenes. For this reason, sample preparation techniques are
imperative to the analysis of asphaltenes, especially at the
molecular level.

Pentane versus Heptane Asphaltenes. In addition to
appropriate solvent cleaning, the solvent selection for
asphaltene precipitation plays a major role in the composition
of asphaltene samples. For these experiments, we isolated the n-
pentane-insoluble asphaltenes, purified them with n-pentane

Figure 2. Mass yield and monomer ion yield for C7 maltenes, co-precipitate wash, entrained maltenes, and unclean C7, ASTM C7, and purified C7
asphaltenes.
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according to the previously discussed method, and carried out
Soxhlet extraction of the purified C5 asphaltenes with n-
heptane. This procedure results in three samples: purified C5
asphaltenes (C5 insoluble), C5−6 asphaltenes (C5 insoluble and
C7 soluble), and C7 asphaltenes (C7 insoluble). By this
methodology, C5 asphaltenes are a mixture of C5−6 and C7
asphaltenes. Figure 3 summarizes the DBE versus carbon
number plots for the HC class of C5, C5−6, and C7 asphaltenes
as well as the mass percentages and monomer ion yield for each
sample. Although the compositional space for all three samples
is relatively similar, we again observe extreme differences in the
monomer ion yield. Not only are the C5−6 asphaltenes
approximately 65% of the mass of the purified C5 asphaltenes,
but the monomer ion yield of C5−6 is ∼50-fold greater than that
of C7 asphaltenes. The differences in mass percent and ion
production suggest that, although purified C5 asphaltenes are
composed of an approximately 2:1 ratio of C5−6/C7, we
preferentially observe C5−6 asphaltene ions during MS analysis
of C5 asphaltenes. Given that both samples occupy very similar
compositional space, what accounts for their vastly different
monomer ion yields? This point will become more significant
and addressed in the discussion of structural motifs, below.
Determination of Island versus Archipelago Motifs.

Determining the structural motifs, island versus archipelago, is
an extremely difficult task and one that has been the subject of
continued debate. Techniques such as NMR and fluorescence
depolarization are bulk measurements that may be skewed on
the basis of several factors, including sample preparation.
Recently, direct molecular imaging by AFM has proven useful
in understanding the chemical structures of asphaltenes as a
result of its ability to image single asphaltene molecules,29,67

and both island and archipelago structures have been proposed
on the basis of AFM data. FT-ICR MS is uniquely suited to
understand the structural composition of asphaltenes because
the molecular-level information obtained by FT-ICR MS, in
conjunction with the ability to perform in-cell ion fragmenta-
tion, provides useful insight into the structural motifs.
Fragmentation of asphaltenes by IRMPD results in two primary
fragmentation pathways. The first consists of dealkylation; it is
observed primarily in alkylated, single-core PAH compounds,
which are island-type asphaltenes. In this case, there is a

decrease in the number of carbon atoms in the IRMPD
fragments with no decrease in aromaticity (DBE). The second
fragmentation pathway involves the cleavage of alkyl or
cycloalkyl bridges that link multiple aromatic cores. These
archipelago-type compounds result in fragments that exhibit
both a loss of carbon number and a loss of aromaticity (DBE).
Figure 4 shows the fragmentation spectra for select model
asphaltene compounds used in this study. Benzo[a]-
phenanthrene, DDP, and truxene serve as examples of island
model compounds, whereas ABA, chol-thiophene, and rubrene
serve as examples of archipelago model compounds. It is

Figure 3. (Top) DBE versus carbon number plots for the C5, C5−6, and C7 asphaltenes and (bottom) mass percentages and monomer ion yield for
each sample.

Figure 4. Fragmentation spectra (IRMPD of 1000 ms) for island-type
model compounds benzo[a]phenanthrene, DDP, and truxene and
archipelago-type model structures ABA, chol-thiophene, and rubrene.
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important to highlight that, under the irradiation times that
were used in this study, fragmentation across the aromatic cores
is not observed. Cata-condensed PAH cores exhibited only loss
of H2, which was previously reported by collision-induced
dissociation (CID)62 and leads to an increase in DBE of 1.
Truxene (single core that contains five-membered rings)
exhibits the most notable change to the core; in this case, it
undergoes a ring-opening/-closing event with a loss of CH2.
However, this fragmentation pathway does not change the DBE
of the molecule. Also, two important points to note here are the
observations of cleavage across cycloalkyl rings in chol-
thiophene and the cleavage of phenyl groups from rubrene.
Questions have arisen in the past as to whether or not these
bonds fragment during IRMPD. We have definitively shown
that these bonds will, in fact, fragment under the given
conditions and that the type of fragmentation depends upon
the structure.68 Figures S2−S6 of the Supporting Information
include the mass spectra of several model compounds by
IRMPD under irradiation times between 50 and 4000 ms. The
aromatic cores of island compounds, with peri- and cata-
condensed structures are shown to be highly stable under these
conditions.
Before the discussion of fragmentation data from asphaltene

samples, we must address the fragmentation products of both
island and archipelago structural motifs that contain multiple
functionalities within the core structures. Figure 5 shows

proposed theoretical structures that correspond to the most
abundant parent ions for the N1O1 class with both island and
archipelago structural motifs and the corresponding exper-
imental fragments from IRMPD. The DBE versus carbon
number plots show experimental fragments from FT-ICR MS
analysis of C7 asphaltenes, and the model structures drawn for
N1O1 compounds (right side of Figure 5) reflect the molecular
compositions from parent ions and structures based on those
reported by direct molecular imaging.29,67 The fragmentation of
island-type compounds results in the simple loss of alkyl side
chains. By this fragmentation pathway, a parent ion with a
starting heteroatom class of N1O1 produces an N1O1 fragment
with either the same DBE or an increase in DBE of 1 as a result
of the loss of H2 (through ring opening/closing) (top in Figure

5). Two archipelago scenarios (middle and bottom in Figure 5)
are also shown, where the heteroatoms are located in different
aromatic cores. In this type of fragmentation, several types of
fragments may be produced and it is possible for the charge to
stay with either of the heteroatoms (or potentially with a
fragment that possesses no heteroatom, which results in a
hydrocarbon fragment). For all scenarios, the observed loss in
DBE is indicative of archipelago structural motifs. The DBE
versus carbon number plots clearly show the predominance of
high DBE compounds in the island N1O1 fragments (top),
which are contrary to the lower DBE fragments of the N1
(middle) and O1 (bottom) fragments. We should also point out
that not all N1O1 fragment ions reveal island structural motifs.
We observe N1O1 fragments down to C12 DBE of 9, which
indicates a 3-ring aromatic with both nitrogen and oxygen
functionalities present in a single core. These fragments are the
products of archipelago structures, likely from NxOy or NxOySz
parent ions.

IRMPD Fragmentation of Asphaltenes. Prior to
fragmentation with IRMPD, a 4 Da mass distribution from
m/z 454 to 458 was isolated with a mass resolving quadrupole.
The ions present within the mass range were irradiated for
1000 ms by IRMPD, and the resulting fragments were detected
by FT-ICR MS. Figure 6 shows the IRMPD fragmentation
mass spectra (top) as well as the DBE versus carbon number
distributions for the purified C5, C5−6, and C7 asphaltenes. For
purified C5 and C5−6 asphaltenes, the most abundant fragment
ions show successive loss of CH2 units (∼14 Da mass losses),
as previously shown by Kenttam̈aa and co-workers,31−33,36,69

without significant loss of aromaticity, indicative of island-type
structures. However, C7 asphaltenes show a bimodal distribu-
tion of fragments with the higher masses, from m/z ∼300 to
450, corresponding to dealkylation (island), and the lower mass
fragments, from m/z ∼100 to 300, are indicative of dealkylation
and loss of aromaticity (archipelago). The DBE versus carbon
number plots (bottom) for the HC classes show the parent ions
(prior to fragmentation), located within the red boxes, overlaid
with fragment ions (those outside the red boxes). Here again,
we see that purified C5 and C5−6 asphaltenes show primarily the
presence of high DBE fragments produced from island
structures, whereas the abundant C7 asphaltene fragments are
at much lower DBE values, which reveals a greater relative
abundance of archipelago structures. For better visualization,
Figure 7 summarizes the compositional data (of bottom in
Figure 6) into bar graphs of relative abundance versus DBE
values for parent and fragment ions from purified C5, C5−6, and
C7 asphaltenes. The gray portion of the bar is the summed
relative abundance of all fragment ions at each DBE value, and
the red portion is the summed relative abundance for all parent
ions at each DBE value. The total bar height is the total
abundance of parent and fragment ions. For example, DBE of
26 is the most abundant DBE value in the purified C5
asphaltenes. The gray portion of the bar is ∼5% relative
abundance, and the total bar height is ∼17% relative
abundance. This means that the fragment ions are present at
∼5% relative abundance and the parent ions are present at
∼12% relative abundance for DBE of 26. Analysis of the C5 and
C5−6 asphaltenes reveals greater relative abundances for parent
ions with DBE of <25 when compared to C7, and the majority
of fragment ions are distributed between DBE of 18 and 27.
This is contrary to purified C7 asphaltenes, where the parent
ion distributions are all less than 1.5% relative abundance for
DBE values of <25 and where the distribution of fragment ions

Figure 5. Theoretical structures for the most abundant N1O1 parent
ions with fragmentation routes that correlate with (top) island and
(middle and bottom) archipelago structural motifs.
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is most abundant from DBE of 4 to 15. We also observe in C7
asphaltenes that the most abundant fragments correspond to

DBE of 10, 12, and 13, which are indicative of commonly
observed asphaltene building blocks, such as phenanthrene,

Figure 6. (Top) IRMPD fragmentation mass spectra and (bottom) DBE versus carbon number plots for purified C5, C5−6, and C7 asphaltenes.

Figure 7. Bar graphs of relative abundance versus DBE values for parent ions (red portion) and fragment ions (gray portion) from purified C5, C5−6,
and C7 asphaltenes.

Figure 8. (Top) DBE versus carbon number plots for the HC and mono- and poly-heteroatomic fragments and (bottom) heteroatom class
distribution for the parent ions and fragments from purified C7 asphaltenes.
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benzo[a]fluorene, and chrysene. In fact, these building blocks
match the molecular structure of the archipelago-type
asphaltenes recently reported by direct molecular imaging.29,67

Until now, we have discussed a small fraction of the ions
observed for asphaltene samples. However, to properly
understand the entire composition, we must consider all
heteroatomic species. Figure 8 shows the heteroatom class
distribution (bottom) for the purified C7 asphaltenes, where the
red bars are the summed relative abundance from quadrupole
isolated parent ions from m/z 454 to 458 and the blue bars are
the summed relative abundance of the fragment ions generated
from IRMPD fragmentation of the mass segment mentioned
above. Each mass spectral assignment was sorted by
heteroatom class and grouped on the basis of heteroatom
content into classes that include hydrocarbons (HC), mono-
heteroatomic compounds (N1, O1, and S1), and poly-
heteroatomic species (ions having more than one heteroatom
and denoted as Nx, Oy, Sz, NxOy, NxSz, OySz, and NxOySz, e.g.,
N2, N3, O2, O3, S2, S3, N1O2, and N1O1S1). We see that the
parent ions are enriched in poly-heteroatomic species; however,
after IRMPD, we observe a shift in relative abundance to favor
hydrocarbons and mono-heteroatomic classes. This is due to
the fragmentation of poly-heteroatomic archipelago parent ions
to produce lower carbon number and lower DBE fragment ions
with fewer heteroatoms. The top in Figure 8 also shows the
DBE versus carbon number plots for the hydrocarbon
fragments as well as the combined plots of mono- and poly-
heteroatomic fragments. The red line at DBE of 17 is the
boundary defined to identify island versus archipelago frag-
ments. The boundary is determined by subtracting the
weighted standard deviation from the weight-averaged DBE
value for all assigned parent ions (weight-averaged DBE of 21
± 4). We conclude that fragment ions with DBE of 17 or less
are most likely produced from the fragmentation of archipelago
compounds and that fragment ions with DBE greater than 17
are most likely island fragments. The HC class DBE versus
carbon number plots reveal that the majority of the
hydrocarbon fragments are derived from archipelago structures,
whereas mono-heteroatomic fragments are composed of a more
evenly distributed mixture of island and archipelago structures.
Finally, the poly-heteroatomic fragment ions are composed of
primarily island-type ions. These results indicate that the
surviving poly-heteroatomic compounds are island; however,
this observation does not rule out the existence of archipelago
poly-heteroatomic species. The fact that we observe a decrease
in the relative abundance of poly-heteroatomic ions and a
subsequent increase in HC and mono-heteroatomic classes in
the class graph (bottom in Figure 8) suggests the fragmentation
of archipelago poly-heteroatomic ions form fragment ions with
lower numbers of heteroatoms. It is difficult to comment on the
quantity of island versus archipelago structures from the work
presented here, but we can conclude that island and archipelago
structures coexist in petroleum asphaltenes and that archipelago
structures likely play a greater role than previously thought.

■ CONCLUSION
The removal of co-precipitated maltenes from C7 asphaltenes is
paramount for their mass spectral analysis and enabled direct
identification of abundant archipelago structural motifs. The co-
precipitates are especially problematic, because they were found
to have a >50-fold higher monomer ion yield than the purified
asphaltene. Thus, failure to remove these maltenic species
greatly affects subsequent compositional and structural

analyses. Purified C5 asphaltenes exhibit a ∼10-fold increase
in the monomer ion yield compared to purified C7 asphaltenes
and yield similar compositional results (in carbon number and
DBE). However, removal of the C7-soluble fraction from
purified C5 asphaltenes revealed that this fraction, C5−6
asphaltenes, accounted for the increased monomer ion yield.
The extreme differences in C5, C5−6, and C7 asphaltene
monomer ion yields, despite their near identical carbon number
and DBE distributions, is explained by IRMPD fragmentation.
C5 asphaltene is a mixture of C5−6 and C7 asphaltenes. C5−6
asphaltene is comprised predominately of island-type archi-
tecture, whereas C7 asphaltene reveals a mixture of island and
archipelago motifs. Fragmentation of the C5 asphaltene (C5−6 +
C7) sample shows almost exclusively island-type fragments (as a
result of the 50-fold higher ionization efficiency of C5−6
asphaltenes relative to C7), despite being comprised of 35 wt
% C7 asphaltenes. Thus, C5−6 asphaltenes and the two co-
precipitate fractions obtained from extended solvent extraction
of C7 asphaltenes have near identical monomer ion yields. They
are also now known to be composed of predominately island-
type structures. The results explain the overwhelming mass
spectral support of the island-type asphaltene structural motif;
island motifs have a ∼50-fold greater monomer ion yield
compared to archipelago motifs from the same sample. Given
such a large discrepancy in ionization efficiency between the
two structural motifs, the use of mass spectral data, without the
prior, careful removal of co-precipitates, to identify the “most
abundant” structural motif in asphaltenes is fundamentally
flawed. The South American crude oil studied herein contains
6.1% by weight purified C7 asphaltenes that exhibit abundant
archipelago fragmentation patterns.

■ FUTURE DIRECTIONS
The current results are admittedly for a single crude oil.
Multiple crude oils will be required to determine the relative
abundance of archipelago/island structural motifs and how it
varies with crude oil type. Furthermore, the exact reason for the
∼50-fold decrease in the monomer ion yield for archipelago-
type asphaltene compounds is currently unknown. We
hypothesize that it is due to their increased aggregation
tendency based on previous results.12 Future experiments will
be required to address this issue.
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(41) Chacoń-Patiño, M. L.; Vesga-Martínez, S. J.; Blanco-Tirado, C.;
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■ NOTE ADDED AFTER ASAP PUBLICATION
This article published November 20, 2017 with errors in
equation 1. The corrected version published November 21,
2017.
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