Ultra-high resolution and mass accuracy provided by Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry (FT-ICR MS) enables unambiguous
assignment of thousands of elemental compositions for components constituting
complex organic mixture. “Soft”, non-distructive atmospheric ionization methods such
as electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI)
and atmospheric pressure photo ionization (APPI) are widely used in combination
with FT-ICR MS for analysis of petroleum and petroleum derived products, bio-fuels,
environmental samples etc. However their application sometimes require tedious
sample preparation and therefore can be affected by the compounds solubility,
interference with contaminants, and matrix signals. Ultimately this limits the range of
samples and compounds that can be successfully analyzed with these ionization
techniques. This is where direct analysis in real time (DART) becomes relevant.
DART is a new ionization technique that enables rapid analysis of various samples
at ambient conditions, requiring no sample preparation. Its been shown that DART in
combination with time-of-flight mass spectrometers was successfully used for
targeted analysis of low molecular weight compounds (up to 800 Da) in different
matrices. In the frames of this work we couple the DART® ion source to FT-ICR mass
spectrometer to investigate applicability of such configuration for analysis of
complex organic mixtures and individual compounds.
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Meta-stable helium gas is created through mechanism of electric glow
discharge where an electric current is passed through gas molecules thus exciting
the atom to a higher energetic state creating plasma. Helium, with a 19.8 eV
energetic excited state, is an ideal gas since ionization energies of most
atmospheric gases and organic molecules are lower than 19.8 eV.

Figure 2. Scheme of the DART source.

Direct Analysis In Real Time (DART). Within the DART source, ionization occurs
from exposure of sample with meta-stable heated gas molecules emerging from the
source tip. Various components of DART can be regulated and modified to
accomplish desired ionization for different compounds. Factors such as temperature,
gas flow, voltage potential, and gas source can be controlled to uniquely accomplish
ionization (Figure 2).

Figure 1. Transformation of ion cyclotron motion into a mass spectrum. (A) schematic representation of ion cyclotron rotation in an ICR cell , (B) time-domain imagecurrent signal from opposed detection electrodes, (C) frequency-domain spectrum
obtained by fast Fourier transform of the digitized time-domain signal, and (D) mass
spectrum obtained by frequency-to-m/z conversion.
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FT-ICR MS. A custom-built 9.4 T FT-ICR mass spectrometer was used to acquire
mass spectra. Calibration of the instrument was carried out with Agilent HP mix by
ESI. A modular ICR data acquisition system (MIDAS) collected and processed the ICR
data.
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Figure 5. (+) DART FT-ICR spectrum of C60 fullerene. The mass spectrum displays
[M+H]+ ion as the main peak, whereas [M+O+H]+ ion corresponds to analyte
oxidation. The detection of fullerene at these conditions is surprising because
o
sublimation temperature (Tsub) of C60 is ~500 C and significantly higher than
temperature of the DART source (370 o C). We hypothesize direct
desorption/ionization of C60 from the probe surface.
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Figure 4. (+) DART FT-ICR spectrum of tobacco leaf obtained from a cigarette
(Marlboro gold pack). The most abundant peak corresponds to protonated nicotine
molecule. Nicotine is a natural alkaloid constituting up to 3% of tobacco dry weight.
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Figure 3. (+) DART FT-ICR spectrum from the surface of U.S. dollar bill. The most
abundant peak in mass spectrum corresponds to protonated cocaine. Analysis of
over ten U.S. currency bills with DART showed traces of cocaine detected on every
bill.
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RESULTS AND DISCUSSION

[(H2O)n-1 + H] + M ? [M + H] + nH2O

+

(2)

He(23S) + nH2O ? [(H2O)n-1 + H]+ + OH- + He(11S)
+

(1)

He* + M ? M+. + He + ē

Excited He atoms interact with atmospheric gases (N2, H2O, O2) and analyte
molecules which leads to ion formation by direct Penning ionization (Eq. 1) as well as
formation of reagent ions (Eq. 2) and subsequent ionization of analyte ( Eq. 3).

300

C24

400

C26

C28

m/z

C30

C34

500

C32
0
10

5

10

15

30

600

Relative Abundance (% total)

Carbon Number

20

O2 Class

700

40

20

30

40

O6

O3

50

60 10

30

40

50

Carbon Number

20

O7

O4

60 10

20

30

40

O8

O5

50

60

The authors acknowledge IonSense, Inc. for providing DART source and NSF for
financial support (grant # DMR-00-84173). One of us (Terrie Kweifio) thanks NSF and
the National High Magnetic Field Laboratory (Tallahassee, FL) for research
experience provided through the REU program.

ACKNOWLEDGEMENTS

● Combination of DART with FT-ICR MS was successfully used for direct analysis of
complex mixtures such as naphthenate deposits and biotar. This approach required
no sample preparation and provides rapid identification of components of the mixtures.

● The detection of C60 fullerene with DART demonstrates potential of this ionization
method for analysis of compounds with high boiling (sublimation) temperature
exceeding operational temperature of the DART source.

● DART source coupled with FT-ICR MS demonstrated successful targeted analysis
of compounds within a complex matrix. We detected traces of cocaine on all analyzed
dollar bills and nicotine in tobacco of cigarette.

CONCLUSIONS

Figure 7. Isoabundance color contoured plots of double bond equivalent (DBE=
number of rings plus double bonds) vs. carbon number for six most abundant
heteroatom classes detected in biotar sample. The increase in DBE indicates
increase in aromaticity .
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(-) DART FT-ICR MS of Biotar

Figure 7. (-) DART FT-ICR MS of Biotar sample. Inset is a heteroatom class
distribution plot which shows the relative abundance of Ox classes detected.
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Figure 6. (-) DART FT-ICR mass spectrum of sodium naphthenate deposit. Sodium
naphthenates are natural sufactants and stabilize water-oil emulsion. Analysis of the
naphthenates with (-) ESI requires tedious sample preparation, whereas DART
enables straightforward analysis through direct sample introduction.
(-) DART FT-ICR MS of Biotar sample
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