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Saturated nonfunctionalized hydrocarbons can be oxidized in situ by initiating an electrical
discharge during desorption electrospray ionization (DESI) to generate the corresponding
alchohols and ketones. This form of reactive DESI experiment can be utilized as an in situ
derivatization method for rapid and direct analysis of alkanes at atmospheric pressure without
sample preparation. Betaine aldehyde was incorporated into the DESI spray solution to
improve the sensitivity of detecting the long-chain alcohol oxidation products. The limit of
detection for alkanes (C5H3, to C3oHg,) from pure samples is ~20 ng. Multiple oxidations and
dehydrogenations occurred during the DESI discharge, but no hydrocarbon fragmentation
was observed, even for highly branched squalane. Using exact mass measurements, the
technique was successfully implemented for analysis of petroleum distillates containing

saturated hydrocarbons.
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on-polar hydrocarbons, the major constituent
N(90%) of petroleum distillates derived from

crude oil [1], are difficult to analyze by mass
spectrometry using atmospheric pressure ionization
methods. Saturated hydrocarbons in particular, which
lack functional groups and aromatic rings, can only be
ionized by high voltage electron ionization (EI), chemi-
cal ionization (CI), field desorption (FD), or field ion-
ization (FI). Among these methods, EI, and CI are not
ideal for hydrocarbon mixture analysis due to signifi-
cant fragmentation of molecular ions. As a result, FD
and FI are the primary soft ionization methods used in
petroleum analysis. However, heating the analytes dur-
ing FD/FI can be problematic and may cause fragmen-
tation of molecular ions, a problem that becomes acute
for high boiling materials [2]. In addition, branched
alkanes are easily fragmented in FD/FI, making quan-
titative measurement of isomeric paraffins very chal-
lenging [2, 3]. Atmospheric pressure photoionization
(APPI) can be used to ionize nonpolar polycyclic aro-
matic hydrocarbons by producing a radical cation
and/or a protonated molecule of the analyte, but it
cannot be used to ionize saturated paraffins [4]. In spite
of these difficulties, traditional hydrocarbon analysis in
the petroleum industry continues to be an important
subject. Recently, laser-induced acoustic desorption
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(LIAD) coupled with gas-phase ion/molecule reactions
under vacuum has shown great potential to achieve
efficient ionization of saturated hydrocarbons with little
[1] or no [5] fragmentation. Direct analysis of hydrocar-
bons under ambient conditions remains highly desir-
able however, because it allows easy implementation on
both commercial and portable mass spectrometers of
on-site analysis and has the potential for high through-
put screening. This paper introduces a new method that
addresses this problem.

Desorption electrospray ionization (DESI) is an am-
bient analysis method that shares some of the proper-
ties of the electrospray (ESI) technique [6]. In particular,
oxidation artifacts of analytes have been reported in
both DESI [7, 8] and ESI [9, 10]. In the recent report of
Konermann et al. [10], it was noted that corona discharge-
induced reactive oxygen species (ROS) are solely re-
sponsible for the multiple oxidations observed in ESI.
Oxidative modifications during ionization adversely
complicate spectral interpretation, especially for ana-
lytes prone to oxidative degradation, therefore, gener-
ally they should be avoided or suppressed [7-10].
Situations do exist, however, where the reactive spe-
cies induced by electrical discharges can be used to
advantage in chemical analysis (e.g., protein struc-
tural mapping [11]).

In this article, we report on direct hydrocarbon
mixture analysis by reactive DESI-MS using in situ
hydrocarbon oxidation (the result of electrical dis-
charges deliberately made to accompany the DESI pro-
cess by adjusting the DESI probe position). The initially
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formed alcohols are derivatized in situ to hemiacetals
using betaine aldehyde, which is added to the spray
solution as the reagent [12]. Reactive DESI, a variant on
the basic DESI experiment, implements rapid chemical
reactions occurring at the spot being sampled concur-
rently with acquisition of mass spectra to improve
sensitivity and selectivity for target molecules [13], by
simply doping the reagent into the spray solvent.

Experimental
Chemicals

Two petroleum distillates (vacuum gas oil saturates I and
IT having nominal boiling points between 343 and 540°C)
were obtained from ExxonMobil Research and Engineer-
ing Co. (Annandale, NJ, USA). n-Alkane standards from
Cs to Cyy were purchased from Agilent Technologies
(Santa Clara, CA, USA). All other chemicals were pur-
chased from Sigma-Aldrich Inc. (Milwaukee, WL, USA).
The solutions of hydrocarbon and petroleum samples
were prepared by dissolving and diluting them in CHCl,.
Microscope glass slides (75 X 25 mm) of 1 mm thickness
(Gold Seal Products Inc., Portsmouth, NH, USA) were
used as the substrate for DESI.

DESI-Mass Spectrometry

Reactive DESI analysis was performed using a Thermo-
Fisher Scientific LTQ linear ion trap mass spectrometer
(San Jose, CA, USA) coupled to an OmniSpray ion
source from Prosolia, Inc. (Indianapolis, IN, USA). A
sprayer-to-surface distance of less than 2 mm, a sprayer-
to-inlet distance of less than 2 mm, and a spray impact
angle of 52° were used. The spray voltage was set at a
value in the range of 5 to 8 kV. The current in the DESI
circuit is normally ~200 nA. When a visible electrical
discharge was observed in the dark during the experi-
ment, the current increased by a factor of 10 or more,
but the highest current was still in the low wA range, so
the mass spectrometer still operated normally. The
nebulizing gas (N,) pressure was 150 psi and the
solvent flow rate was 3 uL/min. The spray solvent was
acetonitrile (ACN)/chloroform (CHCl;) with 1:2 vol-
ume ratio, containing 50 ppm betaine aldehyde (BA).
The same procedures were used with a Thermo Scien-
tific Hybrid LTQ-Orbitrap mass spectrometer (Bremen,
Germany). The betaine aldehyde ion at m/z 102.0913
was used as the lock-mass for accurate mass measure-
ments. The Orbitrap resolution was set to 100,000.

Oxidation Product Collection and GC-MS

To collect the DESI oxidation products, 3 uL of 1000
ppm cyclopentadecane dissolved in CHCl; was depos-
ited on a glass slide and subjected to DESI using
MeOH:H,O (1:1, vol/vol) (without BA) as spray sol-
vent. The residue of cyclopentadecane on the glass slide
was collected after 5 min using 100 uL. CHCl; and
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subsequently analyzed by GC/MS (Hewlett-Packard
Engine; Hewlett-Packard Company, Wilmington, DE,
USA). The same collection procedures were used to
collect the oxidation products of n-octadecane. The
capillary column (15 m DB-1) was heated from 40 °C
(held for 0.3 min) to 320 °C at a rate of 10 °C per minute.
The injector temperature was set at 250 °C. The prod-
ucts were detected by CI (reagent gas: methane) and EI
(70 eV electrons).

GC-FI-TOF MS

Experiments were conducted using a Waters GCT
(Manchester, UK) with a field ionization source. The
details of the instrument, data analysis, and application
can be found in previous publications [14]. Petroleum
samples were diluted with methylene chloride to pro-
duce 1% solutions. About 1 pL of the solution was
injected using a 50:1 split ratio into the GC equipped
with a non-polar 30 m DB-1 column. The GC oven
temperature was ramped from 35 °C to 350 °C at 10 °C/
min. The position of the FI emitter was carefully aligned
with the end of the GC capillary column so that effluent
molecules pass near the tips of the carbon dendrites.
The pressure in the source was nominally 10~° torr.
Ions formed in the FI source were transported into an
acceleration region where packets of ions were ejected
by an electric pulse (960 V) into the TOF MS (mass
resolution ~ 7000) for mass analysis.

Results and Discussion
Oxidation Induced by Discharge in DESI

When a high voltage (5 to 8 kV) was applied to the
spray in the DESI experiments (typical voltage used 4.5
kV), a visible discharge could be observed in the dark
between the spray emitter and the mass spectrometer
inlet capillary when these were positioned at distances
of ~2 mm (Figure S1, Supporting Information, which
can be found in the electronic version of this article).
Discharges between the substrate (a glass slide) and the
inlet capillary of the mass spectrometer were also
observed when moving the substrate close to the emit-
ter and hence to the inlet capillary (See Supporting
Information for the video). Discharges in air produce
reactive radicals including hydroxyl radical (- OH),
atomic oxygen (O), and nitric oxide (NO -), which can
initiate a cascade of oxidation reactions in solution and
in the gas phase [9, 15]. In the case of saturated
hydrocarbons, possible oxidation products include al-
cohols and ketones. However, due to their low proton
affinities and low acidities, long-chain alcohols and
ketones are not efficiently ionized by conventional DESI
(or by ESI). To enhance the detection sensitivity betaine
aldehyde (BA), a reagent that efficiently reacts with
nucleophiles and introduces a charge label, was incor-
porated in the DESI spray solvent [12]. BA reacts with
alcohols to produce a hemiacetal salt which is readily
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Scheme 1. In situ oxidation of hydrocarbons and reaction be-
tween the oxidation produced alcohol and betaine aldehyde.
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ionized and detected in DESI (Scheme 1). For a target
alkane of molecular weight M, the mono-oxidized prod-
uct has a MW of (M + 16), and the detected hemiacetal
product [M + O + BA]" gives a signal at m/z (M + 16 +
102), where 102 corresponds to the molecular weight of
BA. Note that the point of attachment of the hydroxyl
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group is not known,; it is not necessarily at the 2 position
of n-octadecane as shown in the scheme. Multiple
oxidations also occur during the discharge, but are not
shown in the scheme for clarity.

As shown in Figure 1a, n-octadecane was sensitively
detected by reactive DESI using in situ oxidation as a
first derivatization step, a nonpolar solvent [ACN/
CHCI; (1:2)] to desorb the nonpolar analyte and/or its
reaction products from the glass slide, and using BA as
a dopant in the spray solution to produce charge
labeling (the second derivatization step). The signals
seen in the low mass range (m/z 102, 120, 134, 203) are
BA but not analyte related. For example, the peaks at
m/z 120 and 134 are due to the reaction products
between BA and traces of water and methanol in the
solvent spray. The peaks in the higher mass range
(between m/z 370 and 420) are n-octadecane related and
correspond to addition of one molecule of BA (102 Da,
the molecular weight of BA, see Scheme 1) and one or
more (up to 5) additions of 16 Da (corresponding to one
or more O atoms). Peaks two mass units below those
just assigned were also observed and they are due to
alcohol dehydrogenation (Figure 1b). Oxidation prod-
ucts other than alcohols to which BA is highly selective,
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Figure 1. (a) Reactive DESI of n-octadecane. (b) Same spectrum showing mass range 1/z 360 to 440.

An aliquot of 1 uL of n-octadecane solution (200 ppm) dissolved in CHCl; was spotted on a
microscope glass slide for analysis after drying in air.
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were not detected. Besides n-octadecane, other satu-
rated alkanes (C15 to C30) can also be oxidized and
detected at levels as low as 20 ng in pure samples.
Cyclopentadecane, squalane (a branched alkane), cho-
lesterol, and octadecylbenzene display the same oxida-
tion and dehydrogenation pattern without evidence of
fragmentation (Figure S2, Supporting Information). As
opposed to FI/FD, no hydride abstraction [16] was
observed in these spectra. In addition, fragmentation of
branched alkanes, which occurs in FI/FD, was not
observed in reactive DESI.

The factors affecting the extent of oxidation during
the discharge include the spray voltage, the distance
between the spray emitter and the MS inlet capillary,
the distance between the substrate and the inlet capil-
lary, and the conductivity of the solvent. The extent of
oxidation can be reduced by using a lower spray
voltage or longer distances between the spray emitter
and the inlet capillary of the mass spectrometer. Under
these conditions, the discharge phenomenon becomes
weaker (no longer visible in the dark) and/or intermit-
tent. The result of reducing the discharge intensity is a
general decrease in intensity of all oxidation-related
peaks. However, the number of oxygen additions to
each molecule remains largely the same. Attempts to
increase the selectivity of the process to produce solely
mono-oxidized products by changing the operating
conditions were not successful. Non-alkylated aromatic
compounds such as benzene and naphthalene can also
be oxidized in low power plasmas [17], but they give
very weak signals in the reactive DESI experiments.
This is due to the decreased reactivity of aromatic
alcohols toward BA, as the nucleophilicity of the hy-
droxyl groups in the aromatic alcohols is reduced
through electron delocalization on the aromatic ring. For
example, when analyzing a mixture of 2-naphthol (1 X
10® mol) and cyclopentadecanol (1 X 10~% mol), the
signal of the reaction product of 2-naphthol with BA is
~100 times less than that of cyclopentadecanol (Figure
S3, Supporting Information).

To determine the oxidation products induced by
electrical discharges accompanying DESI, the hydrocar-
bon residue on the glass slide was collected (see Exper-
imental section, note BA was not used for these exper-
iments) for GC analysis. The results show that cyclic
alcohols and ketones were generated as oxidation prod-
ucts of cyclopentadecane and that there is no evidence
for ring opening or fragmentation (Figure S4 and S5,
Supporting Information). No isomers are possible for
the mono-oxidized products cyclopentadecanol and cy-
clopentadecanone. However, mono-oxidation of a
straight-chain alkane like n-octadecane, can lead to a
variety of isomers. The GC-MS data show that positions
at or near the end of the chain are preferred (Figure S6
and S7, Supporting Information). The detailed mecha-
nism for this observation is not clear at this stage, but
presumably this is because radicals, such as hydroxyl
radicals, show some selectivity in terms of the types of
bonds with which they react, although this selectivity is
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in the context of a highly reactive and therefore rela-
tively indiscriminate reactivity [18]. The oxidation
products of hydrocarbons in DESI are consistent with
those obtained using a discharge reactor [19], which
also generates isomeric alcohols and ketones from short
alkanes like hexane.

Petroleum Sample Analysis Using High
Resolution Orbitrap

Since dehydrogenation accompanies oxidation and the
nominal masses of the units [O — 2H] and [CH,] is the
same, the oxidation plus dehydrogenation peaks of
shorter alkanes overlap with the lower oxygenation
products of the longer alkanes. Mixtures of alkanes with
continuous carbon numbers give products that gener-
ally cannot be resolved using a linear ion trap with mass
resolution of ~2000. This problem can be addressed by
high-resolution mass spectrometry [20], e.g., by using
reactive DESI on a high-resolution Orbitrap mass spec-
trometer. The exact mass of each peak was measured
and chemical formulas were automatically assigned in
the XCalibur 2.0 software. The original alkane, the
number of oxygen atoms added and the extent of
dehydrogenation was derived by subtracting the for-
mula of BA (CsH;,ON) from the automatically assigned
formula.

Figure 2a shows the mass spectrum of a petroleum
distillate containing vacuum gas oil saturates (boiling
point > 316 °C) obtained using FI on a time-of-flight
(TOF) mass spectrometer. Figure 2b shows the mass
spectrum of the same petroleum distillate using reactive
DESI on a high-resolution Orbitrap mass spectrometer.
The nominal masses of the assigned alkanes are consis-
tent with the results obtained using FI (Figure 2a). From
the exact masses of the major peaks which in this case
are due to two oxygen additions, alkanes from C,;Hy,
to C36Hy, were assigned with an error of less than 1.5
ppm in Figure 2b. Reactive DESI shows a similar
relative signal response but a slightly higher sensitivity
to larger alkanes (C3oHg, to C3sH;,) compared with FI.
The minor peaks in Figure 2b correspond to multiple
dehydrogenations and to '*C isotopes, as shown in the
expanded mass spectrum (Figure 2c). Further expan-
sions (Figure 2d and e) show that the peaks of alkane
oxidation products with a mass difference of 0.03 Da are
easily resolved and accurately assigned. Another vac-
uum gas oil sample, containing alkanes in a slightly
different mass range, was also analyzed (Figure S8,
Supporting Information). However, the relative signal
response is different in this case for the smaller alkanes
(Cy7Hsz6 to CyoHy,) when comparing reactive DESI and FL

To further study the signal response of alkanes as a
function of molecular mass, experiments were done
using a standard solution of alkanes containing discon-
tinuous carbon number alkanes between CsH,, to
CyoHg,, each of known wt%. Figure 3a shows the
amounts of each of the alkane constituents relative to
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Figure 2. (a) FI-TOF mass spectrum of vacuum gas oil saturates I (b); reactive DESI-Orbitrap mass

spectrum of the same vacuum gas oil saturates and the expanded mass ranges (c), (d), and (e). The
original petroleum distillate sample was diluted 100 times with CHCl; and 2 uL aliquots of the diluted
solution were spotted onto a microscope glass slide.

n-eicosane. Figure 3b shows the signal responses of the
alkanes represented relative to n-eicosane (corresponded to
the highest peak), calculated from the mass spectrum
obtained using reactive DESI (Figure S9, Supporting
Information). Alkanes smaller than C,,H;, were not
observed. The response increases with carbon number
up to 20, and then decreases. Further confirmation of
the response was obtained using another standard

alkane mixture containing the same amount of each
alkane from C,H,, to C5yHg,, and the results show a
continuous signal decrease as carbon number increases
(Figure S10, Supporting Information). The low responses
for the smaller alkanes are likely due to their volatility in
open air. Alkanes smaller than heptadecane are liquids,
which form liquid hydrophobic films on the glass slide
and can be easily removed by the spray plume during
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(a) Wt% of alkanes relative to wt% n-eicosane in an alkane standard. (b) Signal response

of different alkanes relative to n-eicosane, derived from the mass spectrum. The signal response of
each alkane was calculated as the sum of all the oxidation and dehydrogenation peaks. Signals were

not observed for CsH;, to C;3H,s.

DESI and before reaction. The decreased response for
larger alkanes could be due to a decreased solubility in the
chosen solvent or a lower desorption efficiency.

Conclusion

We have demonstrated that saturated hydrocarbon mol-
ecules can be ionized in DESI at atmospheric pressure by
taking advantage of oxidation during deliberately pro-
duced electrical discharges in conjunction with in situ
alcohol derivatization using BA as the reactive DESI
reagent. Similarly, the ketones formed as oxidation prod-
ucts probably could be detected using hydroxylamine [21]
or long-chain amines [22] as derivatizing agents. This was
judged unnecessary given that the needed information
was obtained from the alcohols. Unlike ESI electrochemi-
cal reactions in solution, in which redox is dictated by the
reduction potentials of analytes [23], redox chemistry
occuring in the gas phase is often related to electron
capture or charge exchange in desorption ionization tech-
niques [24, 25]. Discharge induced oxidation in ESI and
DESI is mainly caused by radicals generated at atmo-
spheric pressure. The reactive DESI method may be im-
plemented either on commercial or on portable mass
spectrometers for rapid analysis of petroleum saturates.
As opposed to FI/FD, heating is not needed in reactive
DESI experiments. Consequently, no fragmentation of the
studied hydrocarbons is observed in reactive DESI, even
in the case of the branched alkane, squalane. The signal

response in reactive DESI falls at both high and low
carbon numbers and may be related to volatility, desorp-
tion efficiency, and oxidation efficiency of alkanes. Al-
though the extent of unsaturation may be difficult to
determine due to accompanying dehydrogenation, the
results of ambient analysis of petroleum distillates indi-
cate that this method is capable of rapid and accurate
determination of carbon distributions in saturated hydro-
carbon samples. A detailed modeling of dehydrogenation
may be needed to apply the technique to quantitative anal-
ysis of petroleum products. Another potential application of
the technique may be in the combination with ion mobility
mass spectrometry to differentiate dehydrogenation prod-
ucts from cyclic paraffins.
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