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Here, complementary ion mobility/mass spectrometry
(IM/MS) and ultrahigh-resolution Fourier transform ion
cyclotron resonance (FTICR) MS analyses of light, me-
dium, and heavy petroleum crude oils yielded distribu-
tions of the heteroatom-containing hydrocarbons, as well
as multiple conformational classes. The IM/MS technique
provides unique fingerprints for fast identification of
signature conformational/compositional patterns, whereas
FTICR MS analysis provides comprehensive heteroatom
class distributions. IM/MS and FTICR MS results reveal
an increase in compositional complexity in proceeding
from light to medium to heavy crude oils. Inspection of
the mobility results shows a high structural diversity for
the CnHhXY (XY ) N1, S1, N1, O1, NS, SO1-2, NO1-2,
etc.) series, as well as a shift from planar to more
compact three-dimensional structures with increasing
mass.

Petroleum crude oils are complex mixtures containing tens of
thousands of chemically distinct organic compositions within a
dynamic range of 10000-100000 in relative abundance. Current
technical and industrial applications of petroleum crude oil and
its products demand fast and accurate chemical fingerprinting of
hydrocarbons, specifically, noncovalent multimers and distribu-
tions of heteroatoms, rings, and double bonds. That information
can, in turn, potentially determine the characteristics of the
refining process and the production efficiency to convert the full
mass balance into useful energy and ultimately the economic value
of the petroleum crude oil and the level of environmental pollution
upon combustion (e.g., NOx and SOx emissions).

Identification and quantification of a limited number of a priori
selected compounds have been used for oil spill identification.1

Although characteristic crude oil features have been observed by
infrared and near-infrared spectroscopy, bulk sample measure-
ments cannot resolve individual compounds in crude oils.2

Chromatographic separations and curve deconvolution is prob-
lematic for oils and petroleum products, mainly because the
number of elemental compositions and isomers becomes enor-
mous for compounds containing 20 or more carbons. Moreover,
gas chromatography/mass spectrometry (GC/MS3 and GC/GC/
MS4) cannot access heavy-ends species (with boiling points of
>400-450 °C). Fourier transform ion cyclotron resonance (FTICR)
MS can identify the elemental composition, double bond equiva-
lents (DBE ) rings plus double bonds to carbon), and carbon
number, based on ultra-high-resolution and accurate mass
measurements.5-8 A critical issue for the analysis of crude oils
and asphaltenes is the degree of aggregation, as recently com-
prehensively reviewed.9 Noncovalent aggregates can be minimized
in electrospray ionization (ESI) and atmospheric-pressure photo-
ionization (APPI), but can be prominent in single-photon (but not
two-photon10) laser desorption ionization.

Ion mobility/mass spectrometry (IM/MS) is a post-ionization
separation method that adds size and shape dimensions to MS.
That is, ions are separated as they drift in a bath gas under the
influence of an external electric field; thus, separation is based
on the ion-neutral collision cross section on a millisecond time
scale. The coupling of IMS and MS has shown a unique strength
in the identification of peptide and protein secondary structures;11-17
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alkali halide17,18 and carbon clusters;19,20 polymeric molecules;21

and more recently, the gas-phase aggregates produced by ioniza-
tion of asphaltenes and deasphaltenes oils.22 Here, the combined
determination of size/shape (IM/MS) and organic composition
(APPI FTICR MS) connects the conformational and chemical
characterization of petroleum crude oils.

SAMPLE PREPARATION
Three samples of petroleum crude oils were used as received

without further purification prior to laser desorption/ionization
(LDI)/IM/MS analysis (courtesy of Professor Dr. Daulat D.
Mamora, Department of Petroleum Engineering, Texas A&M
University). Samples correspond to the Calvert, Duri, and San
Andro extraction regions and are classified as light, medium, and
heavy crude oils, respectively. For the San Andro crude oil, the
n-heptane-soluble and -insoluble fractions were separated by
vacuum filtration with a glass frit. For the ultra-high-resolution
MS analysis, the crude oils were diluted in toluene to a final
concentration of 500 µg/mL prior to analysis.

INSTRUMENTATION
The LDI/IM/TOF mass spectrometer was described previ-

ously (see scheme in Figure 1).23-27 Briefly, ions are formed in
an IM drift cell by irradiating the sample plate with the output
from a microcrystal Nd:YAG laser (355 nm, Powerchip Nanolaser,
JDS Uniphase Corp.). In the IM drift cell, ions are separated on
the basis of ion-neutral collision cross sections; typical operating
conditions are 3 Torr of helium buffer gas and field strength/
pressure ratios of 10-35 V cm-1 torr-1. The IM drift cell consists
of a stacked-ring ion guide design,24,27 where electrode pairs
are spaced 1.5 mm apart and the spacing between the electrode
pairs is 3.0 mm. Subsequent electrodes are connected via a resistor
divider network composed of 1 MΩ resistors. Ions exiting the
IM drift cell are focused (by a multielement Einzel lens) into the
orthogonal TOF ion source. The TOF tube is biased at a potential
of -6 kV, and the ions are extracted by applying a voltage pulse
to the TOF push/pull electrodes (+675 V/-675 V, respectively);

the TOF extraction potential is pulsed at 10-20 kHz, and the
typical mass resolving power, m/∆m50% in which ∆m50% is the
peak full width at half-maximum peak height, for the reflectron
TOF setup is 2500-3000. The IM/MS spectrometer was
externally calibrated by use of a Fullerite mixture (Sigma). All
spectra were acquired at a laser intensity near the desorption
threshold to minimize aggregate formation. The mobility (K)
of a swarm of ions is defined as the ratio of the ion drift velocity
(vd) to electric field (E), i.e., vd ) KE. The ion drift time (td )
length of the drift cell/drift velocity) is inversely proportional
to K, as described by McDaniel and Mason.28 The drift time
(td) is determined by measuring the mean arrival time distribu-
tion (ATD ) td + t0, where t0 is the time ions spend outside
the drift cell) at the detector as a function of the applied voltage
(V) across the drift cell. The slope of a plot of ATD vs 1/V is
inversely proportional to the mobility K and has an intercept
of t0. Reduced mobility values (Ko) are obtained by scaling the
mobility values (K) to atmospheric pressure and ambient
temperature.28 A peak picking algorithm (developed by Ion-
werks) that takes into account the instrument nominal IM and
MS resolutions was used to determine the number of compo-
nents from the two-dimensional IM/MS plots. In particular, the
nominal IM and MS resolutions were determined from experi-
mental measurements of known standards (e.g., Fullerite
mixtures).

Atmospheric-pressure photoionization (APPI) mass spectra
were obtained with either a low-resolution linear ion trap (LTQ
MS) or an ultra-high-resolution 9.4 T FTICR mass spectrometer
at the National High Magnetic Field Laboratory, as previously
described in detail.29 The LTQ mass spectrum provides an
independent verification of the molecular weight distribution so
that FTICR MS parameters can be optimized to span the most
abundant ions in that distribution. Ion source parameters were
optimized to the low m/z range (250 < m/z < 450) for more direct
comparison to the LDI/IM/MS results. Samples were diluted to
a final concentration of 500 µg/mL in toluene before flowing
through a fused silica capillary at a rate of 50 µL/min into a heated
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Figure 1. Schematic diagram of the IM/MS instrument, including
an LDI source, a periodic drift cell, and a reflectron orthogonal TOF
tube.
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vaporizer chamber where nebulization occurred with N2 gas at
250 °C. The sample then passed in front of a vacuum ultraviolet
krypton lamp where photoionization occurred, after which ions
were swept into the first pumped chamber of the mass

spectrometer. Our main focus is the elemental composition of
ions with 250 < m/z < 450. Ionization and ion accumulation
parameters were optimized for the low mass range, resulting
in molecular weight distributions in the range 250 < m/z < 750.

Figure 2. Two-dimensional IM/MS and MS projection plots for (a) a light crude oil from Calvert, (b) a medium crude oil from Duri, and (c) a
heavy crude oil from San Andro. (d,e) Two-dimensional IM/MS plots for the n-heptane-soluble and -insoluble fractions, respectively, of the San
Andro heavy crude oil.
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RESULTS AND DISCUSSION
In IM/MS, IM introduces an additional post-ionization separa-

tion prior to mass analysis, thus providing an inherent increase
in the peak capacity of any mass spectrometer. At the same time,
IM provides complementary information on the composition and

gas-phase packing density (or mobility, K) that can validate
candidate structures. To illustrate the effectiveness of the IM/
MS approach in the analysis of petroleum crude oils, three
samples were studied: a Calvert light crude oil, a Duri medium
crude oil, and a San Andro heavy crude oil. Two-dimensional IM/
MS plots for the three samples are displayed in Figure 2a-c, and
the n-heptane-soluble and -insoluble fractions of the San Andro
heavy crude oil are shown in Figure 2d and e, respectively. In
proceeding from light to medium to heavy, the molecular weight
distribution shifts to higher m/z values (Figure 2a-c, right),
namely, from 200 < m/z < 1200 (∼2100 peaks) to 200 < m/z <
1500 (∼2850 peaks) to 200 < m/z < 2000 (4200 peaks), respec-
tively. In particular, the n-heptane-soluble fraction of the San Andro
heavy crude oil has a lower and narrower mass distribution (200
< m/z < 500), centered at m/z ) 300, than does the n-heptane-
insoluble fraction (500 < m/z < 2000).

Figure 3 displays positive-ion APPI broadband FTICR mass
spectra for the Calvert, Duri, and San Andro crude oils. As for
the LDI/IM/MS data, the molecular weight distribution shifts to
higher mass in proceeding from light to medium to heavy crude
oil. Moreover, ultra-high-resolution MS resolves and identifies the
elemental composition (or chemical formulas) of thousands of
individual species in each sample. All of the peaks correspond to
singly charged ions, based on the unit m/z separation of 12Cn and
13C1

12Cn-1 isotopomers of the same chemical formula.30

Figure 4 shows the heteroatom class distributions for all three
crude oil samples. The Calvert and Duri crudes had the highest
relative abundances of hydrocarbon species (CnHh series),
whereas the San Andro crude was most abundant in N1 species
(CnHhN1 series). For the Calvert and Duri oils, the N1 class
was the next most abundant, followed by the S1 class (CnHhS1

series). Generally, the heteroatom class relative abundances
increase in proceeding from light to heavy crude oils. In
agreement with results for other crude oils, vanadyl porphyrins
at >1% relative abundance were observed in the heavy San

Figure 3. Broadband positive-ion APPI FTICR mass spectra for
three crude oils.

Figure 4. Heteroatom class distributions of for Calvert, Duri, and San Andro crude oils.
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Andro crude (CnHhN4O1V1series), but not in the lighter Duri
or Calvert crude oils.31-33

Figure 5 shows color-coded isoabundance contoured plots of
double bond equivalents (DBE) versus carbon number for a few
heteroatom classes (a description of the procedure to determine
the DBE values can be found in refs 5-8). For all three oils, the
DBE values of the most stable core structures ranged between 9
and 16. A DBE value of 10 could correspond to three fused
polycyclic aromatic hydrocarbon (PAH) rings (e.g., phenan-
threne), and a DBE of 14 could correspond to a penta-aromatic

core structure (e.g., benzopyrene). For the S1 class (CnHhS1

series), as for the hydrocarbon class, all three crude oils span
similar ranges of carbon number and DBE. For the Duri
sample, a DBE of 11-12 is the most abundant, corresponding
to benzonapthothiophene (DBE ) 11) or dibenzothiophene
with two fused cycloalkane rings (Figure 5). For the N1 class
(CnHhN1 series), carbon numbers ranged between 20 and 50
(lower for the Calvert crude), with a DBE distribution centered
between 9 and 12 (Figure 5). A DBE value of 10 could correspond
to acridine (pyridinic nitrogen), and a DBE of 9 could correspond
to a carbazole (pyrrolic nitrogen). The addition of cyclohexane
rings to the core structure could account for the wider DBE
distribution. For the O1 class (CnHhO1 series), carbon numbers
ranged between ∼15 and 45 (lower for the Calvert crude), with
a DBE distribution centered between 4 and 22 (Figure 5). A
DBE value of 9 could correspond to dibenzofuran, and the addition
of cyclohexane rings to the core structure could account for the
higher DBE distributions for Duri and San Andro crude oils. For
the SO class (CnHhS1O1 series), carbon numbers ranged
between ∼17 and 45 (lower for the Calvert crude), with a DBE
distribution centered between 4 and 5 (Figure 5).

Closer inspection of the two-dimensional IM/MS plots shows
that several components are separated in the IM domain within
a single nominal mass (Figure 6). The observed IMS separation
in Figure 6 is based on the inherent differences in ion gas-phase
structure: for example, more compact, branched, or condensed
structures will have lower ATD values. Conversely, ions of the
same molecular class but different masses will be separated in
the m/z dimension. The broad arrival time distribution illustrates
the structural diversity of the petroleum samples while highlight-
ing the utility of the IM/MS separation. For homologous members
of a single molecular class (such as fullerenes20 or polymeric
molecules21), an increase in m/z is typically accompanied by a
near-linear increase in ATD. This is not the case for crude oils,
as shown in the inset of Figure 6 (bottom), indicating a high
degree of structural and compositional diversity. Thus, species
separated by less than a few millidaltons probably arise from
different heteroatom classes, different combinations of carbon
number and DBE, or structural isobars. IM/MS yields a 3-5 fold
increase in the number of resolved peaks compared to one-
dimensional MS separation (Figure 2). Complementarily, FTICR
MS yields a 10-100 fold increase in the number of resolved peaks,
plus unique elemental composition identification, but it does not
in general resolve structural isomers (although it is possible to
distinguish five-membered from six-membered nitrogen hetero-
cycles).34

Direct measurement of the mobility values requires the
determination of the ion m/z values to permit the heteroatom class
assignment. Nevertheless, by taking advantage of the ultra-high-
resolution MS results, some general trends can be determined in
the two-dimensional IM/MS plots. For example, the Calvert crude
oil presents the largest abundances of the CnHh series, particu-
larly at low m/z values (m/z < 320), thereby revealing the two-
dimensional IM/MS conformational space for this series
(Figure 6 (top)). That is, the two-dimensional IM/MS spectrum
of the Calvert crude oils is composed of consecutive series of CnHh
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Figure 5. Isoabundance contoured plots of double bond equivalents
(rings plus double bonds to carbon) vs carbon number for the
hydrocarbon, S1, N1, O1, and S1O1 heteroatom classes.
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ions: for a given Cn value, the ATD increases linearly with the
number of hydrogen atoms (h). The FTICR MS data show that
the relative abundances for the various CnHh series distribute
normally about a central C/H ratio of 1:1.44. The number of
hydrogen atoms (h) for a given carbon number (n) increases
with m/z, with h ≈ 12-40 in the 200 < m/z < 600 range. For
other heteroatom classes CnHhXY (XY ) N1, S1, N1, O1, NS,
SO1-2, NO1-2, etc.), the heteroatom trend lines can overlap in
the two-dimensional IM/MS plot, leading to a more complex
ATD and making the identification of individual classes more
difficult, as for the San Andro heavy crude oil (Figure 6
(bottom)). Inspection of the ATD and m/z regions within which
unambiguous class assignments allows for the estimation of the
relative ordering of the heteroatom classes: as a general trend,

the ATDs of the more abundant heteroatom classes are distributed
as CnHh > Cn-1HhN1 > Cn-1HhO1 > Cn-2HhN1O1 > Cn-2HhS1 in
the same m/z range. Note that, although some series might
be single-class at lower m/z values, multiple-class series begin
to dominate at higher m/z, precluding unambiguous hetero-
atom class assignments.

Figure 7 displays average reduced mobility (Ko) values and the
upper and lower limits for the observed heteroatom classes. For
comparison, Ko values for planar (i.e., rings I, II, and III) and three-
dimensional (i.e., open and closed fullerenes) carbon clusters
obtained from previously proposed structures are also shown.19,35

The reduced mobility values show that, as m/z increases, the crude
oils change from planar to nonplanar structures. At lower m/z, the
mobility values of the pure planar carbon structures coincide with
the average values for the crude oils; however, as m/z increases,
the pure planar carbon mobility values shift to the lower limit for
the petroleum crude oils. The simplest explanation is that the higher-
molecular-weight crude oil species represent noncovalent aggregates,
rather than extended planar fused hydrocarbon rings, consistent with
a large body of other measurements.9

CONCLUSIONS
Chemical fingerprinting of petroleum crude oil is extremely

demanding because the huge number of chemically distinct
components requires ultra-high-resolution separation techniques.
It is important to note that IM/MS and FTICR MS achieve rapid
separation without wet chemical prefractionation. IM/MS offers
a 3-5 fold increase in separation compared to one-stage low-
resolution MS analysis and can identify the most abundant
heteroatom classes. Complementary FTICR mass analysis resolves
and identifies all elemental compositions, to enable sorting and
interpretation by heteroatom class, double bond equivalents, and
carbon number.

Reduced mobility results show that higher-mass components
of petroleum crude oils result from noncovalent aggregation rather
than planar structures resulting from additional fused rings.
Candidate structures for the different heteroatom classes can be
validated by their comparison with the reported reduced mobility

(35) Fernandez-Lima, F. A.; Ponciano, C. R.; da Silveira, E. F.; Nascimento,
M. A. C. Chem. Phys. Lett. 2006, 426, 351–356.

Figure 6. (Top) Two-dimensional IM/MS plot for the CnHh series of
Calvert crude oils for n ) 19, 20, 21, 22, 23, and 24. (Bottom) Two-
dimensional IM/MS and three-dimensional IM/MS plots of the 280 <
m/z < 350 and 340 < m/z < 344 regions of the Calvert, Duri, and San
Andro crude oils. Note the unique compositional pattern in the two-
dimensional IM/MS plots and the separation in ATD for species of
the same nominal mass in the three-dimensional IM/MS plots.

Figure 7. Values of the average reduced mobility, Ko, for the pure
(CnHh) and mixed (CnHhXY, XY ) N1, S1, N1, O1, NS, SO1-2 and
NO1-2) hydrocarbon classes. For comparison, Ko values for various
carbon clusters are also included.
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values. An anticipated 3-4-fold increase in IMS resolution (cur-
rently ∼25-40) should permit the determination of the reduced
mobilities for the main heteroatom classes. The combination of
size/shape speciation by IM/MS and chemical speciation by
FTICR MS constitutes a significant advance in fast screening
methods for fingerprinting petroleum crude oils.
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