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Abstract
Saturated and unsaturated, linear, branched, and cyclic hydrocarbons, as well as polyaromatic and
heteroaromatic hydrocarbons, were successfully ionized by atmospheric pressure chemical
ionization (APCI) using small hydrocarbons as reagents in a linear quadrupole ion trap (LQIT)
mass spectrometer. Pentane was proved to be the best reagent among the hydrocarbon
reagents studied. This ionization method generated different types of abundant ions (i.e., [M + H]+,
M+•, [M –H]+ and [M – 2H]+ •), with little or no fragmentation. The radical cations can be differentiated
from the even-electron ions by using dimethyl disulfide, thus facilitating molecular weight (MW)
determination. While some steroids and lignin monomer model compounds, such as androsterone
and 4-hydroxy-3-methoxybenzaldehyde, also formed abundant M+• and [M+H]+ ions, this was not
true for all of them. Analysis of two known mixtures as well as a base oil sample demonstrated that
each component of the known mixtures could be observed and that a correct MW distribution was
obtained for the base oil. The feasibility of using this ionization method on the chromatographic time
scale was demonstrated by using high-performance liquid chromatography (HPLC) with hexane as
the mobile phase (and APCI reagent) to separate an artificial mixture prior to mass spectrometric
analysis.
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Introduction

The molecular-level characterization of complex mixtures
of organic molecules, such as biofuels [1–3], is still a

great analytical challenge. Several methods have been
introduced for the analysis of such mixtures, including
NMR [4], FT-IR [5], GC/MS (electron ionization at 70 eV)
[6], HPLC/MS (atmospheric pressure chemical ionization)

[7], ion chromatography [8], electrospray ionization (ESI)
mass spectrometry [9], and ambient sonic-spray ionization
(SSI) mass spectrometry [10, 11]. From these methods, those
involving mass spectrometry are the only approaches that
yield molecular level information for the mixtures. Further-
more, mass spectrometry provides structural as well as
molecular weight (MW; defined here as the mass of a single
isotopically pure molecule composed of the most common
isotopes, as opposed to average MW) information for the
mixture components. Unfortunately, the mass spectrometric
characterization of hydrocarbons and their mixtures, such as
biofuels, is challenging due to the shortcomings of current
ionization methods. For example, ESI [12], SSI [10, 11], and
matrix-assisted laser desorption/ionization [13] (MALDI) are
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limited to ionization via protonation, deprotonation, and
cation attachment [14, 15], which means that these methods
cannot ionize analytes without easily ionizable functional
groups, such as saturated hydrocarbons [16, 18]. Ambient
analysis of saturated hydrocarbons by using discharge-
induced oxidation in desorption electrospray ionization
(DESI) has been reported [19]. However, this method
generates many different ions for each analyte, thus
hindering MW determination for complex mixtures. Electron
ionization (EI) produces severe fragmentation, which often
prevents obtaining molecular weight information [20]. Field
desorption (FD) and field ionization (FI) involve rapid
heating of the analytes, which can cause fragmentation,
especially for highly branched hydrocarbons [21]. This
method also suffers from a bias against small and large
analytes. Atmospheric pressure photoionization (APPI) can
ionize nonpolar polycyclic aromatic hydrocarbons but it
cannot be used to ionize saturated hydrocarbons [22]. Laser-
induced acoustic desorption (LIAD)/Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR) using
ClMn(H2O)

+ as the chemical ionization reagent ion has
been reported to allow the evaporation and ionization of
nonpolar hydrocarbons without fragmentation under ultra-
high vacuum, but this approach requires special instrumen-
tation [16, 17].

APCI was developed in the 1970s, and was initially
called atmospheric pressure ionization [23]. In an APCI
source, corona discharge is used to ionize gases, such as He,
N2, or CO2, to form radical cations in the positive ion mode
[23–25]. These ions collide with vaporized solvent mole-
cules to form secondary reagent ions, usually [M + H]+, M+•,
and/or [M – H]+, and their solvent molecule clusters [25].
These reagent ions ionize the analyte by, for example, proton
transfer, electron transfer, or hydride abstraction in positive-
ion mode APCI [25, 26]. Saturated hydrocarbons can be
ionized by using this method. Unfortunately, fragment ions
are commonly formed. The same is true when using CS2 as
an APCI reagent to form molecular ions for saturated
hydrocarbons [27, 28] due to the low fragmentation
threshold energies of their molecular ions. Recently, helium
ionization mass spectrometry was implemented on a mod-
ified atmospheric-pressure ion source designed for electro-
spray ionization for ionization of aliphatic hydrocarbons
[29]. This method allowed the ionization of saturated
hydrocarbons to yield [M – H]+ ions with no associated
fragmentation (unsaturated hydrocarbons, however, yielded
protonated molecules). Hence, this is the most promising of
the above methods.

Unfortunately, helium ionization mass spectrometry
cannot be coupled with high-performance liquid chromatog-
raphy (HPLC), which is often needed before mass spectro-
metric analysis of very complex mixtures, such as biofuels.
However, it should be possible to use a nonpolar alkane
solvent as the reagent gas in APCI. This would enable the
use of HPLC to separate mixture components prior to mass
spectrometric analysis. This paper introduces a mass

spectrometric analysis method based on APCI with
hydrocarbon reagents. This method yields abundant ions
for saturated hydrocarbons with little or no fragmentation.
Implementation to HPLC/mass spectrometry is also described.

Experimental
All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used without further purification.
Thermo-Fisher Scientific (Waltham, MA, USA) linear
quadrupole ion trap mass spectrometer (LQIT) coupled with
atmospheric pressure chemical ionization (APCI) was
employed in these experiments, as well as a Thermo
Surveyor MS plus HPLC. Thermo-Fisher Scientific LTQ
FT Ultra, a 7 Tesla hybrid linear quadrupole ion trap and
Fourier-transform ion cyclotron resonance mass spectrome-
ter (LQIT/FT-ICR), was also employed in order to do
measurements at ultra-high resolution when necessary. Data
analysis was carried out with Xcalibur 2.0.7 SP1. All
analytes were successfully dissolved (1.0–1.5 mg/mL sol-
utions) in hydrocarbons (pentane, hexane, and cyclohexane),
with the exception of the polyaromatic hydrocarbons and
polar compounds, which needed sonication to dissolve
(concentration was lower than 1.0 mg/mL) or did not
dissolve at all.

The APCI conditions were as follows: vaporizer temper-
ature 150–250 °C, capillary temperature 200–300 °C, sheath
gas (N2, He, or CO2) flow rate 20–40 (arbitrary units),
auxiliary and sweep gas flow rates 5–20 (arbitrary units),
and direct injection flow rate 15-30 μL/min. For HPLC/APCI
analyses, typically a 10 μL volume of an analyte solution
(1 mg/mL) was injected into the HPLC-MS for analysis.
The column used was an XBridge C18 column (dimen-
sions 150×2.1 mm, particle size 3.5 μm, Waters (Milford,
MA, USA)). Hexanes were employed as the mobile phase
and were eluted at a flow rate of 0.2 mL/min. The entire
eluent was delivered into and ionized by APCI and the
analytes were detected by LQIT. The product ions’
branching ratios are reproducible within 5%. Collision-
activated dissociation (CAD) was performed by resonance
excitation of the selected ions for 30 ms. The “normalized
CAD energy” was 12–30 (arbitrary units).

Results and Discussion
The ability to utilize saturated hydrocarbons as APCI
reagents was probed by analyzing model compounds of
different types (Table S1 in Supplemental Information). The
saturated hydrocarbons studied are structurally similar to
compounds that may be present in second generation
biodiesel [30]. Several polar compounds were also studied,
including steroids and lignin monomer model compounds.
Similar results, with a few exceptions discussed below, were
obtained by using pentane, hexane, or cyclohexane as the
APCI reagent. The mass spectra measured for each analyte
are discussed below. After that, results obtained using
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different sheath gases and the analyses of two known
mixtures and a base oil sample are discussed.

[M – H]+ was the most abundant ion formed upon APCI
of pentane, hexane, and cyclohexane (with nitrogen sheath
gas), as expected [31], accompanied by only minor
fragmentation. For example, pentane also formed ions of
m/z 57 and 43, although their relative abundances are very
low. Hence, the main reagent ion ionizing the analytes is the
[M – H]+ ion.

For linear alkanes and 7-hexyloctadecane, the [M –H]+ ion,
formed by hydride abstraction (Scheme 2), was found to be the
only product ion upon APCI when employing pentane
(Table S1 in Supplemental Information) or hexane as the
reagents. LQIT/FT-ICR, which has a much higher resolution
than LQIT, was employed to confirm that the [M –H]+ ion was
the only ion formed at that nominal mass (Figure 1). Ionization
of linear saturated hydrocarbons by employing cyclohexane as
the reagent, instead of pentane or hexane, resulted in very low
abundance of the [M – H]+ ions with extensive fragmentation.
This is rationalized by the greater internal energy that
cyclohexane molecular ions (and hence also their [M – H]+

fragment ions) gain upon ionization of cyclohexane with
nitrogen molecular ions (formed upon corona discharge
ionization of the nitrogen sheath gas) due to cyclohexane’s
lower ionization energy (IE) (9.9 eV) than that of pentane (10.3
eV) and hexane (10.1 eV) [32].

For squalane, the most highly branched alkane studied,
the [M – 2H]+• product ion was prominently formed upon
APCI using pentane (Table S1 in Supplemental Informa-
tion), hexane, or cyclohexane as the reagents, with minor
fragmentation. This is different from the linear saturated
hydrocarbons, which form the [M – H]+ ion.

5-α-Cholestane, a polycyclic alkane with an alkyl side
chain, formed abundant [M – H]+ and M+• ions when
employing pentane (Table S1 in Supplemental Information)

and hexane as the APCI ionization reagents, with minor
fragmentation (an ion of m/z 218). However, when cyclo-
hexane was used as the solvent and reagent, only M+• (with
the fragment ion of m/z 218, 12%) was observed.

4,7-Diphenyl-1,10-phenanthroline, chrysene, and squa-
lene, which are highly unsaturated compounds, formed
mainly the [M + H]+ ion upon APCI using pentane
(Table S1 in Supplemental Information), hexane, and
cyclohexane reagents. Chrysene also formed M+• and an
ion/molecule reaction product, [M + H + C3H2]

+. Squalene
also formed [M – H]+, M+•, and [M + H + C5H10]

+, as well
as some fragment ions. Hence, this ionization method does not
work as well for unsaturated as for saturated hydrocarbons.

Polar compounds, such as steroids and lignin monomer
model compounds, were tested to probe the limits of this
method by using pentane reagent. Androsterone, dihydro-
cholesterol, and 4-hydroxy-3-methoxybenzaldehyde formed
abundant ions that provide molecular weight information,
such as M+• and [M + H]+ (Table S1 in Supplemental
Information). However, this method did not work well for
the other steroids and lignin monomer model compounds
studied. Some generated no ions due to their poor
solubility in hydrocarbon solvents, and others generated
very abundant fragment ions via loss of one or two water
molecules from the protonated molecule (i.e., [M + H –
H2O]

+ and [M + H – 2H2O]
+.

The main complication of the method described here is
that different types of compounds form different ions, such
as M+•, [M – H]+, [M – 2H]+•, [M + H]+, which hinders
obtaining the molecular weight information. In order to test
whether it is possible to differentiate the odd-electron from
the even-electron product ions when analyzing unknown
compounds, dimethyl disulfide was added into the solution
of model compounds prior to mass spectrometric analysis
for reactions in the ion source region, or the ions of interest

Figure 1. APCI/pentane mass spectrum of n-hentriacontane (MW 436) measured by using LQIT. The insert shows a high
resolution spectrum measured by LQIT/FT-ICR. The peaks of m/z 436.50 and 437.50 correspond to isotopologues of n-
hentriacontane
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were isolated and allowed to undergo ion/molecule reactions
with dimethyl disulfide in the trap. Radical cations, such as
[M – 2H]+• and M+•, are expected to react with dimethyl
disulfide by electron abstraction (if they have a conventional
structure and ionization energy greater than that of dimethyl
disulfide; 8.2 eV) [33] or SCH3 abstraction (if they have a
distonic structure [34–36]), while even-electron ions should
be unreactive. For all analytes, dimethyl disulfide radical
cation was formed in the ion source, probably due to
ionization of dimethyl disulfide by the radical cation of the
sheath gas (N2). Hence, observation of the dimethyl
disulfide radical cation in the ion source is not structurally
informative. The [M – H]+ ions formed from linear saturated
hydrocarbons did not undergo ion/molecule reactions with
dimethyl disulfide in the trap, as expected. The [M – 2H]+•

ion formed from squalane was found to react with dimethyl
disulfide by electron abstraction in the trap (Figure S1 in
Supplemental Information), which not only reveals that it is
a radical cation but also that it has a conventional structure.
The M+• of squalene did not react with dimethyl disulfide in
the trap. This is likely explained by its lower IE than that of
dimethyl disulfide. Although the IE of squalene is not known, it
is expected to be less than 8.0 eV since similar but substantially
smaller branched alkenes, such as 4-ethyl-3-methyloct-3-ene
(MW 154; IE = 8.04 eV [32]), have lower IEs than dimethyl
disulfide. The M+• of α-cholestane could not be transferred
intact into the ion trap and hence could not be studied there.
However, a low abundance of the [M + SCH3]

+ ion was
found when the M+• of 5-α-cholestane reacts with dimethyl
disulfide in the ion source, which indicates the presence of a
molecular ion that has isomerized to a distonic ion. Similarly,
the M+• ion of squalene reacts with dimethyl disulfide by SCH3

abstraction in the ion source, which indicates that this
molecular ion also has a distonic structure, formed possibly
as shown in Scheme 1. Upon CAD, the [M + SCH3]

+ ion
showed loss of HSCH3 (Figures S2 and S3 in Supplemental
Information).This reaction can be used to verify that a product
indeed is a SCH3 abstraction product.

Above results suggest that dimethyl disulfide can be used to
differentiate radical cations from even-electron ions. Hence, it
is possible to identify an ion as being either M+•/[M – 2H]+• or
[M + H]+/[M – H]+, which facilitates MW determination.

Finally, the effect of the type of sheath gas on the
ionization of n-dotriacontane upon APCI using pentane
reagent was examined (Figure S4 in Supplemental Informa-
tion). Helium sheath gas was found to cause some fragmen-
tation ([M – alkyl]+) while carbon dioxide and nitrogen sheath
gases showed no fragmentation. This can be explained by the
pathways shown in Scheme 2. He+• transfers more energy into
a solvent molecule to form the ultimate reagent ion that
ionizes the analyte, [Mpentane – H]+, than CO2

+• and N2
+• due

to helium’s higher ionization energy (24.6 eV) than carbon
dioxide’s (13.8 eV) or nitrogen’s (15.6 eV) [32].

In order to test the feasibility of using the above method
in mixture analysis, two mixtures (all in equimolar ratios)
were examined by using APCI/pentane. The first mixture
consisted of 13 linear saturated hydrocarbons. The mass
spectrum measured for this mixture shows mainly [M – H]+

ions, as expected (Figure S5 in Supplemental Information).
While the relative abundances of these ions do not exactly
match the relative molar concentrations, they are still close
when considering that the ionization energies and volatilities
of the compounds vary. The second mixture consisted of
five model compounds, n-hentriacontane, squalane, 5-α-
cholestane, 4,7-diphenyl-1,10-phenanthroline, and chrysene.
The mass spectrum (Figure S6 in Supplemental Informa-
tion) shows the same ions as formed for the individual
analytes. While the relative abundances of the ions do
not exactly match the relative molar concentrations, all
analytes were successfully detected, in spite of their
widely varying ionization energies, compositions, structures,
and volatilities.

Finally, a base oil sample was examined (Figure S7 in
Supplemental Information) by this method. This sample had
been analyzed previously by our group using a different
method [17]. The molecular weight distribution determined
here agrees with that determined by using the earlier method,
ClMn(H2O)

+ chemical ionization combined with laser-
induced acoustic desorption/Fourier-transform ion cyclotron
resonance mass spectrometry [17], in spite of the observa-
tion that the method introduced here also caused some
fragmentation.

Hexane is commonly used as the mobile phase in normal-
phase high-performance liquid chromatography (HPLC).

2 2

Two 1,2-hydride shifts

Distonic radical cation

Scheme 1. A possible rearrangement of squalene molecular ion to a distonic isomer that is likely to be more stable due to
resonance stabilization of the charge
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Hence, the ionization method discussed here can be readily
coupled with normal-phase HPLC. The feasibility of this
experiment was tested by separating an artificial mixture of n-
dotriacontane (linear saturated hydrocarbon), chrysene (poly-
aromatic hydrocarbon), and 4,7-diphenyl-1,10-phenanthroline
(heteroaromatic compound) by reversed phase HPLC, using
hexane as the mobile phase, prior to analysis via APCI using
hexane as the CI reagent (Figure 2). Each separated com-
pound’s HPLC mass spectrum matched its corresponding

spectrum obtained from the direct injection of the single model
compound.

Conclusions
APCI employing pentane, hexane, or cyclohexane as the
solvent/reagent in APCI mass spectrometry allows the
ionization of linear and branched saturated hydrocarbons

Scheme 2. Possible pathways for the formation of [M – H]+ ions and their fragment ions

Figure 2. Extracted single ion chromatograms (ions of m/z 449, 229, and 333) for n-dotriacontane (A), chrysene (B), and 4,7-
diphenyl-1,10-phenanthroline (C) (left) and the full APCI/pentane mass spectra measured for n-dotriacontane (MW 450),
chrysene (MW 228) and 4,7-diphenyl-1,10-phenanthroline (MW 332) (right)
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(e.g., 7-hexyloctadecane) to yield an abundant [M – H]+ ion
without fragmentation. Highly branched alkanes produce
[M – 2H]+• as the most abundant ion. Highly unsaturated
hydrocarbons yield mostly [M + H]+. Both M+• and [M – H]+

ions (and a fragment ion of m/z 218) are formed for 5-α-
cholestanewhen employing pentane or hexane. However, when
using cyclohexane, only the molecular ion (and a fragment ion
of m/z 218) is formed for 5-α-cholestane. Dimethyl disulfide
reagent can be used to differentiate radical cations from even-
electron cations, which facilitates MW determination.

This method allowed the ionization of some steroids,
such as androsterone, and lignin monomer model com-
pounds, such as 4-hydroxy-3-methoxybenzaldehyde, which
formed abundant ions such as M+• and [M + H]+, although
fragment ions were also formed. However, other steroids
and lignin monomer model compounds studied did not
generate any product ions due to their poor solubility in
hydrocarbon solvents, or generated product ions that had lost
one or two water molecules after protonation, [M + H – H2O]

+

and [M + H – 2H2O]
+.

All analytes in two known mixtures were successfully
detected in a single experiment, in spite of their widely
varying ionization energies, compositions, structures, and
volatilities. Further, the molecular weight distribution deter-
mined for a base oil sample is in good agreement with that
determined by another method, laser-induced acoustic
desorption/chemical ionization/Fourier-transform ion cyclo-
tron resonance mass spectrometry [17].

The method described here has several advantages. As
opposed to ESI and MALDI-based methods, nonpolar
compounds (including linear saturated hydrocarbons) can
be analyzed. Further, this method can be easily coupled with
HPLC, thus enabling rapid analysis of a large number of
different samples without pre-separation or derivatization.
Finally, the analysis can be done on any mass spectrometer
equipped with an APCI source. Implementation of this
methodology to analyze biofuels is in progress.
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