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Description

Field of the Invention

[0001] This invention pertains to the field of sample characterization, especially with regard to mass spectroscopy,
through the generation of gaseous ions by methods involving electrospray ionization techniques and desorption of
analytes from surfaces by spray techniques.

Background of the Invention

[0002] Recent developments in ambient desorption ionization techniques, such as desorption electrospray ionization
(hereinafter, "DESI") and direct analysis in real time (hereinafter, "DART"), have opened new routes for characterizing
a wide range of compounds, such as proteins, explosives, polymers, pharmaceuticals and metabolites amenable to
mass spectrometry, with little or no sample preparation. In addition, DESI techniques (such as that disclosed in U.S.
Patent No. 7,335.897) have been extended to biological imaging as well. The ionization mechanisms of both DESI and
DART correlate to those of at least two other sample ionization techniques. For example, the DESI technique is a
modification of the well-known eiectrospray ionization (hereinafter, "ESI") method, whereas the DART technique is
related to the well-known direct atmospheric pressure ionization (hereinafter. "DAPCI") procedure. In the ESI-related
DESI technique, analytes are desorbed from a sample surface. Desorption takes place mainly through momentum
transfer from charged solvent droplets, although other processes also occur (e.g., volatilization, reactive ion/surface
collisions, and charge transfer from evenelectron ions). In contrast, DAPCI-related desorption techniques mainly desorb
analytes by momentum transfer from uncharged droplets, with ionization taking place after desorption.
[0003] Despite the major breakthroughs of sample analysis provided by DESI and DART, both techniques have some
limitations. The DART technique can be applied primarily to iow-moiecular-wetght samples (i.e., samples having mo-
lecular weights of less than about 1 kiloDaltons (kDa)) and has a very limited dynamic range. The OESI technique, in
contrast, can ionize samples having molecular weights as high as 66 kDa and has a high dynamic range of about 1000.
However, DESI is a highly inefficient technique for generating ions from molecules of low polarity. Even polar molecules
such as cholesterol and 1 ,4-hydroquinone are poorly ionized by DESI methods in positive mode. Further, DESI methods
regularly produce protonated or sodiated molecular ions or fragments, complicating interpretation of mass spectographs.
[0004] Ismael Cotte-Rodnguez et al, [Anal. Chem. 2005, 77, 6755-6764], discloses that desorption electrospray ion-
ization (DESI), an ambient mass spectrometry technique, is used for trace detection of the explosives trinitrohexahydro-
1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 2,4,6-trinitrotoluene (TNT), Pentaerythritol
tetranitrate (PETN), and their plastic compositions (Composition C-4, Semtex-H, Detasheet) directly from a wide variety
of surfaces (metal, plastic, paper, polymer) without sample preparation or pretreatment. Cotte-Rodnguez et al. discloses
DESI using methanol as a solvent and DAPCI with toluene as a solvent.
[0005] Wu et al, [Anal Chem. 2009 September 15; 81(18): 7618-7624. doi:10.1021/ac901003u] discloses direct and
rapid analysis of cholesterol was accomplished in the ambient environment using reactive desorption electrospray
ionization (DESI) mass spectrometry. Wu discloses DESI using chloroform as solvent and a precharged betaine aldehyde
as a reagent.

Summary of the Invention

[0006] The present invention is defined in claims 1-10.
[0007] Desorption ionization by charge exchange (hereinafter, "DICE") generates ions from molecules of low polarity.
In an embodiment of the invention, a DICE-reagent spray is generated by passing any low-polarity solvent that can be
electrochemica!iy oxidized, which may include mixtures of such low-polarity solvents, through an electrically-conductive
capillary (e.g., a metal capillary) held at a high voltage (e.g., 5 kV or greater). The spray is nebulized by pneumatic
assistance provided by a stream of chemically- inert gas directed coaxially with the flow of the solvent. The resulting
spray comprises fluid droplets containing molecular ions of the solvent. Analytes are then desorbed and ionized as the
DICE-reagent spray is brought into contact with the analytes on a surface (e.g., a needle tip). Although normal sample
preparation techniques may be used, the DICE method can be usefully implemented by directing the DICE-reagent
spray onto a surface of the material to be analyzed without prior sample preparation. The DICE process is performed
under ambient conditions at pressures of nominally one standard atmosphere.
[0008] In another embodiment of the invention, the low polarity solvent is combined with one or more high-polarity
solvents, such as those used to form DESI-reagent sprays. The combined solvents are then passed through the elec-
trically-conductive capillary at a high voltage to form a combined DICE-DESI reagent spray. Such a combined with spray
can be used to characterize a broader range of analytes than either a DICE-reagent spray or a DESI -reagent spray alone.
[0009] In another aspect of the invention, metastable helium is generated using techniques similar to those used in
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electrospray ionization. Applying the metastable helium to an analyte in the vapor phase generates molecular anions
characteristic of the analyte. Environmental conditions, such as gas composition and temperature, can be manipulated
to promote generation of selected molecular ions in preference to others.

Brief Description of the Drawings

[0010] For a better understanding of the present invention, reference is made to the following detailed description of
the exemplary embodiments considered in conjunction with the accompanying drawings, in which:

FIG. 1 is a schematic view of a first apparatus, suitable for use with a DICE technique according to an embodiment
of the present invention;
FIG. 2 shows a mass spectrum of vitamin K, generated using a DICE technique according to an embodiment of the
present invention;
FIG. 3 shows a mass spectrum of cholesterol, generated using a DICE techniques according to an embodiment of
the present invention;
FIG. 4 shows a mass spectrum of estradiol, generated using a DICE technique according to an embodiment of the
present invention;
FIG. 5 shows a mass spectrum of vitamin A, generated using a DICE technique according to an embodiment of the
present invention;
FIG. 6 shows a mass spectrum of β-naphthol, generated using a DICE technique according to an embodiment of
the present invention;
FIG. 7 shows a mass spectrum of hydroquinone, generated using a DICE technique according to an embodiment
of the present invention;
FIG. 8 shows a mass spectrum of anthracene, generated using a DICE technique according to an embodiment of
the present invention;
FIG. 9 shows a mass spectrum of p-aminobenzoic acid, generated using a DICE technique according to an embod-
iment of the present invention;
FIG. 10 shows a mass spectrum of α-tocopherol, generated using a DICE technique according to an embodiment
of the present invention;
FIG. 11 shows comparative mass spectra of carbamazepine in the presence of mineral salts and in the absence of
mineral salts, the mass spectra having been generated using a DICE technique according to an embodiment of the
present invention.
FIG. 12 shows a mass spectrum of urea, creatinine and cholesterol from a urine sample spiked with cholesterol,
the mass spectrum having been generated using a DICE technique according to an embodiment of the present
invention.
FIG. 13 is a schematic view of a second apparatus suitable for use with another embodiment of the present invention;
FIG. 14 shows a mass spectrum A of compounds detected by direct analysis of a commercial pain-relief tablet using
a DICE technique according to an embodiment of the present invention, and a mass spectrum B of compounds
detected by direct analysis of the same tablet using a comparable DESI-like technique;
FIG. 15 shows a MS/MS spectrum A of ibuprofen, generated using a DICE technique according to an embodiment
of the present invention, and a MS/MS spectrum B of ibuprofen, generated using a comparable DESI-like technique;
FIG. 16 shows a MS/MS spectrum A of caffeine, generated using a DICE technique according to an embodiment
of the present invention, and a MS/MS spectrum B of caffeine, detected using a comparable DESI-like technique;
FIG. 17 shows a mass spectrum A of compounds detected by direct analysis of a second commercial pain-relief
tablet using a DICE technique according to an embodiment of the present invention, and a mass spectrum B of
compounds detected by direct analysis of the same tablet using a comparable DESI-like technique;
FIG, 18 shows a MS/MS spectrum A of acetaminophen detected using a DICE technique according to an embodiment
of the present invention, and a MS/MS spectrum B of acetominophen detected using a comparable DESI-like
technique;
FIG. 19 shows a mass spectrum A of compounds detected by direct analysis of a third commercial pain-relief tablet
by a DICE technique according to an embodiment of the present invention, and a mass spectrum B of compounds
detected by direct analysis of the same tablet using a comparable DESI-like technique;
FIG. 20 shows a mass spectrum A of a hydroquinone, sample, generated by a DESI technique and a mass spectrum
B of a hydroquinone sample, generated by a comparable DICE technique according to an embodiment of the present
invention;
FIG. 21 shows a mass spectrum A of a thymol sample, generated by a DESI technique and a mass spectrum B of
a thymol sample, generated by a comparable DICE technique according to an embodiment of the present invention;
FIG. 22 shows a mass spectrum A of a limonene sample, generated by a DESI technique and a mass spectrum B
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of a limonene sample, generated by comparable DICE technique according to an embodiment of the present in-
vention;
FIG. 23 shows a mass spectrum A of a sample of a mixture containing three compounds, generated by a DICE
technique according to an embodiment of the present invention, a mass spectrum B of the same mixture, generated
by a comparable DESI technique, and a mass spectrum C of the same mixture, generated by a combined DICE-
DESI technique according to another embodiment of the present invention;
FIG. 24 shows a mass spectrum A of compounds detected by direct analysis of a commercial cold relief tablet using
a DICE technique according to an embodiment of the present invention, a mass spectrum B of compounds detected
by direct analysis of the same commercial cold relief table using a comparable DESI technique, and a mass spectrum
C of compounds detected by direct analysis of the same commercial cold relief tablet using a combined DICE-DESI
technique according to another embodiment of the present invention; and
FIG. 25 shows a mass spectrum A of compounds detected by direct analysis of a commercial allergy relief tablet
using a DICE technique according to an embodiment of the present invention, a mass spectrum B of compounds
detected by direct analysis of the same commercial allergy relief tablet using a comparable DESI technique, and a
mass spectrum C of compounds detected by direct analysis of the same commercial allergy relief tablet using a
combined DICE-DESI technique according to another embodiment of the present invention.
FIG. 26 is a schematic view of a third apparatus suitable for use with another embodiment of the present invention;
FIG. 27 is a schematic view of the apparatus of FIG. 26 with a modification suitable for use with another embodiment
of the present invention;
FIG. 28 shows a mass spectrum A of ferrocene, generated with metastable helium according to an embodiment of
the present invention, and a mass spectrum B of ferrocene, generated using metastable helium according to another
embodiment of the present invention;
FIG. 29 shows a mass spectrum A of thymol, generated with metastable helium according to an embodiment of the
present invention, and a mass spectrum B of thymol, generated using metastable helium according to another
embodiment of the present invention;
FIG. 30 shows a mass spectrum A of 4-bromophenol, generated with metastable helium according to an embodiment
of the present invention, and a mass spectrum B of 4-bromophenol, generated according to another embodiment
of the present invention;
FIG. 31 shows a mass spectrum of n-pentacosane, generated with metastable helium according to an embodiment
of the present invention; and
FIG. 32 shows a mass spectrum of n-tetracontane, generated with metastable helium according to an embodiment
of the present invention.

Detailed Description of the Invention

[0011] FIG. 1 is a schematic view of an ESI-based apparatus 10 suitable for use with a DICE technique according to
an embodiment of the present invention or with a DESI-like technique. The apparatus 10 is also suitable for use with
combined DICE-DESI techniques with a simple modification discussed elsewhere herein. The apparatus 10 comprises
a modification of an ESI nozzle known in the art. An electrically-conductive capillary 12 (e.g., a metal capillary) has an
inlet 14 and an outlet 16. The outlet 16 of the capillary 12 is situated within a nebulizer tube 18 having a respective inlet
20 and outlet 22. In the embodiment of the apparatus illustrated in FIG. 1, the capillary 12 is substantially concentric
within the nebulizer tube 18, with the outlet 16 of the capillary 12 proximate the outlet 22 of the nebulizer tube 18. In a
typical apparatus 10, the capillary 12 is made of metal, and has a length of about 100 mm, an inner diameter of about
100-130 mm and an outer diameter of about 230 mm. The nebulizer tube 18 has an inner diameter of about 4 mm along
much of its length, but narrows considerably near its discharge end.
[0012] The following embodiment of the Invention is discussed in relation to the DICE technique. DESI-like and com-
bined DICE-DESI techniques would be performed in a similar manner, with variations discussed elsewhere herein. In
the aforementioned embodiment of a DICE technique, a DICE reagent, indicated in FIG. 1 by arrow 24, is injected into
the inlet 14 of the capillary 12, which is held at a high electrical potential (e.g., a voltage of about 5 kV) provided by a
voltage source V. In an embodiment of the present invention, the DICE reagent 24 comprises one or more solvents of
low polarity, being non polar solvents, at least one of which undergoes electrochemical oxidation on the surface of the
capillary 12 to produce molecular ions of the electrochemically-oxidizable solvent in the DICE reagent 24. Suitable low-
polarity electrochemically-oxidizable solvents include, but are not limited to solvents comprising aromatic hydrocarbons,
such as benzene, toluene, all xylene isomers, all trimethyl benzene isomers, or furans, and additives such as fullerene
or fluoranthene. Given the disclosures of the present application, other suitable solvents and additives will be recognized
by those having ordinary skill in the art of electro-chemistry.
[0013] Continuing the discussion of the present embodiment, a chemically-inert gas (such as nitrogen), indicated in
FIG. 1 by arrows 26, is injected into the inlet 20 of the nebulizer tube 18. The apparatus 10 is arranged such that the
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gas 26 exits the outlet 22 of the nebulizer tube 18 at a sufficient velocity to nebulize the electrochemically-oxidized DICE
reagent 24 as it exits the outlet 16 of the capillary tube 12, thereby forming a DICE-reagent spray, indicated in FIG. 1
by arrows 28. The DICE-reagent spray 28 is a spray largely comprised of small liquid droplets containing molecular ions
of the electrochemically-oxidizable solvent. Further, some of the DICE reagent 24 may evaporate producing gaseous
molecular ions of the electrochemically-oxidized solvent, which are part of the DICE-reagent spray 28.
[0014] The nebulizing gas 26 imparts momentum to the droplets in the DICE spray 28, which impinge on a target
surface 30. Analytes from the target surface 30 become electrically charged and are desorbed from the target surface
30 by the liquid droplets in the DICE-reagent spray 28. The momentum of the droplets causes them to rebound from
the target surface 30, carrying desorbed analytes. Some portion of the analytes may also desorb as gases. At least
some of the droplets of the DICE reagent spray, indicated by the arrows 32, are captured by the atmospheric interface
34 (also referred to as a "cone") of a mass spectrometer (not shown).
[0015] Without being bound by theory, it is believed that analytes from the target surface 30 are ionized by charge
exchange from molecular ions formed by the electrochemical oxidation of the DICE reagent 24. The DICE-reagent spray
28 is generated by an ESI-like process, however, the actual ionization of analytes may take place in both gaseous and
liquid phases by charge exchange processes similar to those observed for chemical ionization. The DICE technique
thus may have characteristics of both ESI and APCI techniques.
[0016] The following examples, discussed with reference to the mass spectra of FIGS. 2-25, demonstrate some of
the capabilities of the DICE techniques and combined DICE-DESI techniques. For these examples, an apparatus such
as apparatus 10 of FIG. 1 was used to generate reagent sprays of DICE and/or DESI-like reagents to desorb and capture
analytes. The procedures used are discussed in more detail hereinbelow.

Characterization of analytes using a DICE technique

[0017] For the examples discussed with relation to FIGS. 2-12, a DICE-reagent spray was formed from toluene using
a device of the same type as apparatus 10. Toluene was infused at a flow rate of 10-50 mL/min to a capillary having a
diameter of about 100 mm while the capillary was held at a voltage of 5 kV. Nitrogen was used as the nebulizing gas,
with a set flow rate of 75 L/hr and a set temperature of 350 °C. All of the experiments to which FIGS. 2-12 are related
were conducted using a Waters Quattro Micro triple quadrupole mass spectrometer (Milford, MA, USA), with the cone
voltage set at 25 V. No cone gas was applied. The source temperature was kept at 125 °C Analyzes were deposited in
solution on the target surface, which was braided steel wire, over an area of about 44 mm2 and air-dried. Incident and
collection angles in the ion source region were each set at approximately 80°.
[0018] Turning to the experimental results, FIG. 2 shows a mass spectrum of vitamin K, generated using a DICE-
reagent spray formed as described above. The peak at m/z 451 is indicative of the protonated vitamin K molecule [M+H]+

and the peak at m/z 450 is indicative of the corresponding molecular cation M+. In contrast, a DESI-like mass spectrum
of vitamin K (not shown) would show a peak only for the protonated vitamin K molecule [M+H]+. The observation of two
peaks for vitamin K suggests that there may be at least two ionization mechanisms that occur simultaneously during the
DICE procedure. Without being bound by theory, the [M+H]+ ions may be associated with a DAPCI-like phenomenon
process, whereas the molecular ions M+* of vitamin K are probably produced by a reaction specific to the DICE technique.
[0019] FIG. 3 shows a mass spectrum of cholesterol, generated using a DICE technique according to an embodiment
of the present invention. This DICE-generated spectrum of cholesterol is distinctive because it is very different from
those generated by DAPCI or DESI-like techniques (spectra not shown). Neither DAPCI nor DESI-like techniques produce
peaks for the positive molecular ion M+* (m/z 386). In fact, DESI-like techniques do not produce any significant signals
at all for cholesterol in positive mode. A DAPCI spectrum of cholesterol would show a peak only for the dehydrated
species derived from the protonated cholesterol, [M-H2O+H]+ (m/z 369) DICE techniques, on the other hand, produce
the aforesaid molecular ion M+* of cholesterol as well as the aforesaid protonated cholesterol [M-H2O+H]+.
[0020] DICE techniques can also produce additional fragmentation information beyond the formation of molecular ions
for the identification of target compounds FIG. 4 shows a mass spectrum of estradiol, generated using a DICE technique
according to an embodiment of the present invention The spectrum shows peaks for neutral losses of propanol (m/z
213) and water (m/z 255) from protonated estradiol, as well as the characteristic peak for the molecular ion of estradiol
M+* (m/z 272), even though the test was performed under very mild conditions Thus, DICE techniques can provide
additional information beyond the formation of molecular ions for identification of a target compound without having to
resort to additional ion activation
[0021] FIG. 5 shows a mass spectrum of vitamin A generated using a DICE technique according to an embodiment
of the present invention The mass spectrum shows fragment peaks together with the characteristic peak for the molecular
ion M+* (m/z 286). The peaks observed at m/z 269 and 255 represent neutral losses of water and methanol respectively,
from the protonated molecule [M+H]+ for which no peak is observed
[0022] Polar compounds usually generate gaseous ions abundantly when subjected to ESI However, some polar
compounds, such as naphthol and hydroquinone, and some nonpolar compounds, such as anthracene, are known to
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be ionized poorly by ESI in positive mode Gaseous ions from several analyses that are known to be challenging for ESI-
related methods were generated using a DICE method according to an embodiment of the present invention. The
resulting mass spectra are shown in FIGS. 6 to 8. In all of the spectra, good signal-to-noise ratios of better than about
50:1 were achieved.
[0023] FIG. 6 shows a mass spectrum of β-naphthol, generated using a DICE. technique according to an embodiment
of the present invention. A dominant molecular ion M+* peak can be seen at m/z 144.
[0024] FIG. 7 shows a mass spectrum of hydroquinone, generated using a DICE technique according to an embodiment
of the present invention. A dominant molecular ion M+* peak can be seen at m/z 110.
[0025] FIG. 8 shows a mass spectrum of anthracene, generated using a DICE technique according to an embodiment
of the present invention. A dominant molecular ion M+* peak can be seen at m/z 178.
[0026] Polar analytes can also be ionized using a DICE technique according to an embodiment of the present invention.
For example, the signal intensity ratio of molecular ion M+* to protonated molecule [M+H]+ for the polar compound p-
aminobenzoic acid (m/z 137) (FIG. 9) was similar to the ratio obtained for the less polar α-tocopherol (m/z 430) (FIG.
10). The signal from the protonated molecule [M+H]+ is not readily visible in either figure, although it is believed that
examination of a higher resolution spectrum (not shown) would clearly reveal its presence adjacent to the molecular ion
M+* peak. This observation suggests that the charge exchange mechanism is effective in both polar and non-polar
analytes.
[0027] It is known that the presence of metallic ions in a sample can suppress the mass spectral signal and cause
other undesirable spectral complications. The use of a DICE technique can significantly reduce or eliminate formation
of metal adducts without addition of chemical modifiers to the spray Turning to FIG 11 600 ng of carbamazepine in a
2% solution of sodium and potassium chlorides was applied to a first filter paper and 600 ng of carbamazepine without
added mineral salts was applied to a second filter paper Both carbamazepine samples were analyzed using the exemplary
DICE technique. As shown in FIG. 11, both mass spectrum A, obtained for the sample with mineral salt, and mass
spectrum B, obtained for the sample without mineral salt, showed a single strong peak at m/z 237, corresponding to the
protonated molecular ion [M+H]+. There were no peaks for sodium or potassium adducts of the molecule indicating that
use of a DICE-reagent spray did not result in the formation of metal adducts However although not evident from the
mass spectra A and B, which are scaled to different signal intensities, the sample that was prepared with the sodium
and potassium salts had a signal that was roughly one-fifth as instense as the signal for the sample that did not include
a mineral salt, indicating that some suppression of the signal intently occurs in the presence of salts, even when a DICE
technique is employed.
[0028] In order to evaluate the applicability of the DICE techniques for determining analytes in high-salt physiological
fluids, a cholesterol-spiked urine sample from a healthy human volunteer was examined Prior work using DESI-reagent
spray (Takats, Z. et al., J. Mass Spectrom, 2005, 40, 1261) produced a mass spectrum for urine showing intense peaks
for potassium cation (m/z 39), sodiated urea (m/z 83), potassiated urea (m/z 99), protonated creatinine (m/z 114),
sodiated creatinine (m/z 136) and potassiated creatinine (m/z 152). A peak for protonated urea (m/z 61) was also present.
As shown in FIG. 12, the mass spectrum for cholesterol-spiked urine generated using DICE-reagent spray is much
simpler. Major peaks are present at m/z 61 for the protonated molecular ion of urea [UR+H]+ and at m/z 114 for the
protonated molecular ion of creatinine [CR+H]+. Major peaks are also present at m/z 386 and m/z 369 for the molecular
iron of cholesterol CHOLES+* and the protonated dehydrated molecular ion of cholesterol [CHOLES-H2O+H]+, respec-
tively. The few other peaks present in the mass spectrum are of negligible intensity. Thus, the use of DICE-reagent
spray appears to be a practical method for the analysis of high-salt biological samples, such as urine.

Comparison of analyte characterizations using DICE versus DESI techniques

[0029] Turning first to FIG. 13, an ESI-based apparatus 110 is similar in construction to the apparatus 10 of FIG. 1
Elements of the apparatus 110 that correspond to elements of the apparatus 10 have the same reference numbers as
used in FIG. 1, incremented by one hundred. The apparatus 110 has a tee-junction 136 comprising first and second
tubular legs 138, 140, which are hydraulically connected to the capillary 112 by a valve 142. The valve 142 can be
adjusted to alternately allow a first fluid 124 to enter the first leg 138 or a second fluid 124’ to enter the second leg 140,
and enter the capillary 112 through the valve 142. In another embodiment, the valve 142 can also be adjusted to allow
a combined flow of the first and second fluid 124, 124’ into the capillary 112. In such an embodiment, the valve 142 may
be adjusted to continuously vary the composition of the flow from 100 percent first fluid 124 to 100 percent second fluid
124’. In some embodiments, the position of the valve 142 may be adjusted automatically using a solenoid (not shown).
In the non-limiting examples discussed herein with respect to FIGS. 14-22, the first fluid is a DICE reagent and the
second fluid is a DESI-like reagent.
[0030] In the examples discussed with respect to FIGS. 14-22, a DICE reagent (toluene) was infused into the metal
capillary 112 of an apparatus of the same type as apparatus 110 of FIG. 13 at a flow rate in the range of about 50 mL/min
to about 100 mL/min. The DESI reagent was infused into the metal capillary 112 as a solution of 0,1% formic acid in
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70% water/30% methanol at a flow rate in the range of about 10 mL/min to about 15 mL/min. In all experiments, the metal
capillary 112, which had a nominal inner diameter of 100 mm, was held at a voltage of 5.0 kV. Nitrogen was used as the
nebulizing gas, with a set flow rate of 75 L/hr and a set temperature of 350 °C. All of the experiments to which FIGS.
14-22 are related were conducted using a Waters Quattro Micro triple quadrupole mass spectrometer (Milford, MA,
USA), with the cone voltage set at 25 V and the cone gas applied at 25 L/hr. The source temperature was kept at 125
°C. Analytes were deposited in solution on the target surface, which was braided steel wire, over an area of about 44
mm2 and air-dried. Incident and collection angles in the ion source region were each set at approximately 80°.
[0031] Turning to the results, FIG. 14 shows mass spectra A and B of compounds detected by direct analysis of a
commercial pain-relief tablet (Advil®, Pfizer, Inc., Richmond, VA, USA) using a DICE technique according to an embod-
iment of the present invention (mass spectrum A) and a comparable DESI-like technique (mass spectrum B). This
commercial preparation contains ibuprofen. The tablet was cut open and the DICE-reagent spray directly applied to the
exposed material without further sample preparation. Mass spectrum A of FIG. 14 shows that use of a DCE-reagent
spray results in peaks at m/z 206 and 207 for the molecular ion M+* (m/z 206) and protonated molecule [M+H]+ of
ibuprofen, respectively. In contrast, the mass spectrum 8 obtained under DESI-like conditions shows peaks at m/z 207
and 229 for protonated [M+H]+ and sodiated [M+Na]+ ibuprofen, respectively.
[0032] FIG. 15 shows MS/MS spectra A and B of ibuprofen generated using a DICE technique according to an em-
bodiment of the present invention (MS/MS spectrum A) and a comparable DESI-like technique (MS/MS spectrum B).
Referring to mass spectrum A, it appears that the ibuprofen molecule has been fragmented by collusion-induced disso-
ciation (CID) after applying the DICE-reagent spray, producing peaks at m/z 119, 145, 150, 161, 163 and 188, as well
as the molecular ion M+* peak at m/z 206. Such fragmentation provides more structural information for identifying the
parent molecule. Although not exactly identical, the product ion spectrum of FIG. 14, which was generated using the
DICE technique, is similar to the standard electron-ionization (EI) spectrum of ibuprofen (not shown), which is available
in the EI spectral library maintained by the National Institute of Standards and Technology (NIST), U.S. Department of
Commerce. In contrast, the DESI-like technique generated a MS/MS spectrum B having a large peak for an ibuprofen
fragment at m/z 161 and a small peak at m/z for the protonated molecule [M+H]+ at m/z 207, which is evidence of a
different pattern of fragmentation.
[0033] FIGS 16, 17 and 18 show mass spectra related to an analysis of a tablet of a second commercial pain-relief
tablet (Equate®, Wal-Mart Westbury, NY USA) The tablet contains acetaminophen and caffeine, among other ingredients
Separate spectra were generated using a DICE technique according to an embodiment of the present invention and a
comparable DESI-like technique The respective DICE-reagent and DESI-like sprays were directly applied to the tablet
without sample preparation
[0034] FIG. 16 shows MS/MS spectra A and B of caffeine The MS/MS spectrum A, generated using a DICE technique
according to an embodiment of the present invention shows numerous peaks, including a peak for the molecular ion
M+* at m/z 194 in contrast, the MS/MS spectrum B, generated using the DESI-like technique, shows fewer peaks,
including a peak at m/z 195 attributable to the protonated molecular ion [M+H]+. The MS/MS spectrum A more similar
to the EI spectrum for caffeine (not shown) in the EI spectral library, than is the MS/MS spectrum B.
[0035] FIG 17 shows MS spectra A and B of compounds detected by direct analysis of the aforesaid Equate® tablet
using DICE and DESI-like techniques, respectively Peaks attributable to acetaminophen M1 and caffeine M2 can be
seen in both spectra, but the spectra are distinctly different from each other It may also be seen that the mass spectrum
B generated using the DESI-like technique includes a distinct peak at m/z 174, attributable to sodiated acetominophen
[M1+Na]+. Artifacts of such sodium adducts are not evident in the mass spectrum B generated using the DICE method
[0036] FIG. 18 shows MS/MS spectra A and B of acetaminophen generated using DICE and DESI-like techniques,
respectively Both mass spectra show a dominant peak at m/z 109, with the mass spectrum B showing a greater number
of subsidiary peaks. The spectra show only small peaks attributable to the molecular ion M++ (m/z 151 in mass spectrum
A) and the protonated molecule [M+H]+ (m/z 152 in mass spectrum B). The standard El spectrum for acetaminophen
(not shown) shows a single dominant peak at m/z 109. However, since El is a more energetic process than DICE, a
number of smaller peaks would be seen as well.
[0037] Another advantage of DICE techniques is their ability to reduce interferences from undesired background ions.
FIG. 19 shows mass spectra A and B of compounds detected by direct analysis of a third commercial pain-relief tablet
of unknown make, but branded as Assured, which contains acetaminophen and polyethylene glycol (PEG) as an excipient.
The respective DICE-reagent and DESI-like sprays were directly applied to the tablet without sample preparation. Both
the mass spectrum A, related to the DICE-reagent spray, and the mass spectrum B, related to the DESI-like spray, show
dominant peaks for protonated acetaminophen [M+H]+ (m/z 152). However, the mass spectrum B shows numerous
peaks attributable to protonated and sodiated PEG fragments [PEG+H]+ and [PEG+Na]+ which interfere with detection
of other peaks that may be of interest. The mass spectrum B generated using the DICE-reagent spray shows few peaks
attributable to protonated PEG fragments and none which are attributable to sodiated PEG fragments.
[0038] One of the characteristics of the DESI-reagent spray is that it usually produces little or no ionization of neutral
and non-polar compounds. Figures 20, 21 and 22 show comparative mass spectra of 1-4-hydroquinone, thymol, and
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limonene, respectively, as generated using a DESI-reagent spray and a DICE-reagent spray according to an embodiment
of the present invention.
[0039] in FIG. 20, mass spectrum A. generated using the DESI-reagent spray, shows no peak representative of 1-4-
hydroquinone. Mass spectrum B, generated using the DICE-reagent spray, shows a strong peak at m/z 110 for the
molecular ion M+* of 1-4-hydroquinone.
[0040] In FIG. 21, mass spectrum A, generated using the DESI-reagent spray, shows no peak representative of thymol.
Mass spectrum B, generated using the DICE-reagent spray, shows strong peaks at m/z 150 and 151 for the molecular
ion M+* and protonated molecular ion [M+H]+ of thymol, respectively.
[0041] In FIG. 22. mass spectrum A, generated using the DESI-reagent spray, shows no peak representative of
limonene. Mass spectrum B, generated using the DICE-reagent spray, shows strong peaks at m/z 136 and 137 for the
molecular ion M+* and protonated molecular ion [M+H]+ of limonene, respectively.

Characterization of analytes using combinations of DICE and DESI reagents

[0042] Another aspect of the DICE technique is that it can be combined with a DESI-like method to expand the range
of compounds that can be detected, as discussed with regard to FIGS. 23-25. In the following non-limiting examples, a
DICE reagent (toluene) was infused into the metal capillary 112 of an apparatus of the same type as apparatus 110 of
FIG. 13, at a flow rate between 50 and 100 mL/min. The DESI reagent was infused into the metal capillary 112 as a
solution of 0.1% formic acid in 70% water/30% methanol at a flow rate between 10 and 50 mL/min. For the combined
DICE/DESI experiments, the two reagents were mixed in a tee-union, such as tee-union 136 of apparatus 110 of FIG.
13, to form a partially-immiscible blend, which was infused into the metal capillary 112. The volumetric ratio of the DICE
reagent to the DESI reagent ranged from 75/25 to 90/10. In all experiments, the metal capillary 112, which had a nominal
inner diameter of 100 mm, was held at a voltage of 5.0 kV. Nitrogen was used as the nebulizing gas, with a set flow rate
of 75 L/hr and a set temperature of 350 °C. All of the experiments to which FIGS. 25-27 are related were conducted
using a Waters Quattro Micro triple quadruple mass spectrometer (Milford, MA, USA), with the cone voltage set at 25
V and the cone gas applied at 25 L/hr. The source temperature was kept at 125 °C. Analytes were deposited in solution
on the target surface, which was braided steel wire, over an area of about 44 mm2 and air-dried. Incident and collection
angles in the ion source region were each set at approximately 80°.
[0043] Turning to the experimental results, FIG. 23 shows mass spectra of a mixture containing 1,4-hydroquinone
("HQ"), β-naphthol ("NP") and vitamin K ("VK"), generated using the DICE-reagent spray (mass spectrum A); the DESI-
reagent spray (mass spectrum B) and the combination DESI-DICE-reagent spray (mass spectrum C). The MS spectra
shown in FIG. 23 illustrate that hydroquinone, which was not detected using the DESI-reagent spray, was detected as
a molecular ion HQ+* (m/z 110) using the DICE-reagent spray and the combined DICE-DESI-reagent spray. These
results indicate that a technique using a combined DICE-DESI-reagent spray is more versatile in detecting compounds
in mixtures than using either the DICE-reagent spray or the DESI-reagent spray alone. Further, comparing the three MS
spectra A, B and C reveals that both the naphthol molecular ion NP+ (m/z 144) and the protonated naphthol [NP+H]+

(m/z 145) may be generated simultaneously by the combined DICE-DESI reagent spray. This phenomenon would enable
near-real time recording of the MS/MS profiles of both the molecular ion and protonated species. It may also be noted
that the peak observed for protonated vitamin K [VK+H]+ is more prominent in the mass spectrum C, generated by using
the combined DICE-DESI reagent spray.
[0044] The versatility of the DICE, DESI and combined DICE-DESI reagents was further demonstrated with regard to
analyses in a complex sample matrix. Turning to FIG. 24, showing mass spectra A, B and C, when a tablet of a common
cold remedy (i.e., Tylenol®, MCNEIL-PPC, zinc., Fort Washington, PA, USA) was subjected to a DICE-reagent spray
(mass spectrum A), peaks were detected for three of the active ingredients in the tablet (i.e., acetaminophen ("AC"),
guaifenisen ("GU"), and dextromethorphan ("DX"). As shown in mass spectrum B, use of a DESI-reagent spray resulted
in a peak at m/z 221 for the sodium adduct of guaifenisen [GU+Na]+, which was not present in mass spectrum A. Further,
mass spectrum B did not exhibit any peak for dextromethorphan. The use of the combined DICE-DESI-reagent spray
(mass spectrum C) not only generated the aforementioned sodium adduct of guaifenesin, but also showed a peak at
m/z 272 for a protonated ion of dextromethorphan [DX+H]+. Other mass spectrometric peaks for the ions that either
were not generated by DICE-reagent spray or the DESI-reagent spray when used alone, were observed when the
combined DICE-DESI-reagent spray was used.
[0045] Turning to FIG. 25, analyses similar to those of FIGS 23 and 24 were performed with an allergy relief tablet
(i.e., Claritin®, Schering-Plough Health Care Products, Inc., Memphis, TN USA), which has loratidine ("LO") as its
principle active ingredient The mass spectrum A generated using the DICE-reagent spray showed peaks at m/z 382
and 383 for the molecular ion of loratidine LO+* and the proton adduct [LO+H]+, respectively. A peak for the sodium
adduct [LO+Na]+, which is not present in mass spectrum A, is seen at m/z 405 in mass spectrum B, generated using
the DESI-reagent spray Mass spectrum C, generated using the combined DICE-DESI reagent spray, shows peaks for
all three species (i.e, LO+*, [LO+H]+ and [LO+Na]+).
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Characterization of analytes using metastable helium

[0046] In another aspect of the present invention, desorption ionization by charge exchange is achieved using metast-
able helium. For the purpose of the present disclosure, metastable helium comprises neutral energized helium in which
one or both electrons have energies greater than their ground states and may also comprise helium cations (e g., He+).
In various embodiments of the present invention metastable helium may be introduced into the ionization chamber of a
mass spectrometer in a helium stream, in a stream of helium mixed with another gas (e.g., nitrogen), or with a solvent
(e g., toluene)
[0047] Turning to FIGS. 26 and 27, an ESI-based apparatus 210 for generating metastable helium is similar in con-
struction to the apparatus 10 of FIG 1 and the apparatus 110 of FIG. 13. which were discussed in relation to producing
DICE-reagent sprays, DESI-reagent sprays, and combined DICE-DESI-reagent sprays Elements of apparatus 210 that
correspond to elements of apparatus 10 have the same reference numbers as used in FIG. 1, incremented by two
hundred. Referring to FIG. 26, the junction 236 of apparatus 210 comprises first, second and third tubular legs 238, 240
and 242, which are hydraulically connected to the capillary 212. Flows of first, second and third reagents 224, 224’,
224" into the capillary 212 are controlled by flow control valves 244, 246, 248, which are associated with the first, second
and third tubular legs 238, 240 and 242, respectively. The flow control valves 244, 246, 248 can be adjusted independently
of each other such that any one reagent 224, 224’, 224", or mixtures thereof, are infused into the capillary 212. In various
embodiments of the present invention, the flow control valves 244, 246, 248 may be adjusted to continuously vary the
composition of the flow to any mixture of reagents 224, 224’, 224" In some embodiments, the positions of the valves
244, 246, 248 may be adjusted automatically using solenoids (not shown). In the non-limiting examples discussed herein
with respect to FIGS. 28-32, the third fluid 224" is helium, although other gases, such as nitrogen, may be used. The
first and second fluids 224’, 224" may be a DICE reagent and a DESI-like reagent, respectively, as discussed with
respect to FIGS. 13-25.
[0048] Continuing to refer to FIG. 26, the apparatus 210 further comprises a gas collar 250, having a gas collar inlet
252 and a gas collar outlet 254, that surrounds a nebulizer tube 218 such that an outlet 222 of the nebulizer tube 218
is exposed through the gas collar outlet 254. A flow control valve 256 is inline with the gas collar inlet 252 for controlling
the low of a first assisting gas 258 into the gas collar 250. A flow control valve 260 is also provided inline with a nebulizer
inlet 220 for controlling the flow of nebulizer gas 226 into the nebulizer tube 218. The flow control valves 256, 260 may
be adjusted to continuously vary the flow rates of the gas 258 or the nebulizer gas 226 from 0 L/min upward. The positions
of the flow control valves 256, 260 may be adjusted automatically using solenoids (not shown).
[0049] Turning to FIG. 27, the apparatus 210 may also include a seed tube 262 having a seed tube inlet 264 and a
seed tube outlet 266, that surrounds the nebulizer tube 218 such that the outlet 222 of the nebulizer tube 218 is exposed
through the seed tube outlet 266. In such an embodiment of the apparatus 210, the gas collar 250 surrounds the seed
tube 262 such that the seed tube outlet 266 is exposed through the gas collar outlet 254. A flow control valve 268 is also
provided inline with the seed tube inlet 264 for controlling the flow of a second assisting gas 270 into the seed tube 262.
The flow control valve 268 may be adjusted to continuously vary the flow rate of the second assisting gas 270 from 0
L/min upward. The position of the flow control valve 268 may be adjusted automatically using solenoids (not shown).
[0050] In a metastable helium technique according to an embodiment of the present invention, helium 224" is infused
into the capillary 212 through the third leg 242 of the junction 236. In a modification of the embodiment, a DICE reagent
224 or a DESI-like reagent 224’, or both, may also be infused into the capillary 212 along with the helium 224", In another
modification of the embodiment, a non-reactive solvent (i.e., one that does not readily ionize by ESI processes) may be
used in place of a DICE reagent or DESI-like reagent. In yet other modifications of the embodiment, a sample solution
containing analytes, whether in a DICE reagent, a DESI reagent, a combined DICE-DESI reagent or a non-reactive
solvent, may be infused into the capillary 212. The capillary 212 is held at a voltage in the range of about 1 kV to about
5 kV. The helium 224" exiting the capillary outlet contains metastable helium. A chemically-inert gas 226 may be injected
into the inlet 220 of the nebulizer tube 218 to nebulize DICE reagent 224 or DESI reagent 224’, if either is used in the
process. A nebulizer gas 226 is not necessary, and might not be desirable, when helium 224" is used without a DICE
reagent 224, a DESI reagent 224’ or other solvent. A first assisting gas 258 may be injected into the gas collar inlet 252
and a second assisting gas 270 may be injected into the seed tube inlet 264 in embodiments where the seed tube 262
is present
[0051] In such embodiments of the invention as discussed above, metastable helium is created as an effect of the
electrical field voltage maintained at the capillary n a single-stage process at atmospheric pressure This is in contrast
to processes such as APCI, where ionized helium is produced in a corona field under vacuum, or DART, which produces
undesirable ions that must be removed in multiple stages.
[0052] The assisting gases 258, 270 may be selected to serve such purposes as for example drying solvent droplets
(e g by using a heated gas) assisting in the desorption of analytes having low volatilities (e.g., by using a chemically-
inert heated gas) assisting in the nebulization of a DICE-reagent 224 or DESI reagent 224 ; where such are present or
introducing additional reactive species into the ionization chamber of the mass spectrometer for the study of chemical
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reactions. It may be noted that assisting gases may be selected to create an environment in the ionization chamber that
promotes the formation of the desired ionized species of analyte, as discussed with respect to FIGS. 28-30, hereinbelow,
One having ordinary skill in the art will be able given the present disclosure to knowledgably select suitable assisting
gases for these and other purposes related to mass spectrometric analysis of samples and the study of chemical reactions.
[0053] In embodiments where DICE and/or DESI-like reagents, or other solvents, are used, the resulting spray could
be directed at the sample platform, as discussed above with respect to other embodiments of the present invention
employing DICE and/or DESI-like reagents. Where helium is used as the reagent in the absence of solvents, the analytes
should be present as vapors in the ionization chamber. There are a number of suitable sample platforms for desorbing
analytes into the vapor phase. For example, a sample of analyte having a conveniently high vapor pressure can be
inverted into a tube, and a gas passed through the tube to carry the analyte vapor into the ionization chamber. Samples
containing analytes having low vapor pressures, such as may be found in petroleum and some petroleum products, can
be heated to create an analyte vapor. This can be achieved, for example, by placing the sample in a glass capillary
having one closed end, placing the capillary into a recess in a metal probe, and heating the probe (and, thus, the capillary
and sample) to the desired temperature. In such embodiments, a heated gas may be introduced into the ionization
chamber through the gas collar 250 or the seed tube 262 to maintain the vapor pressure of the analyte in the ionization
chamber. In another example of a suitable sample platform, liquid samples may be applied to a ring, a braided wire or
a mesh, and allowed to dry. A gas would then be passed over the ring to carry the analyte vapor into the ionization
chamber. For low-volatility analytes, the ring or wire may be heated to vaporize the analyse, or a heated gas may be
applied. In all embodiments, it is desirable that the temperature of the sample platform and/or the environment in the
ionization chamber be maintained to generate and sustain an appreciable vapor pressure of the analytes of interest.
[0054] Turning now to examples of sample analysis using metastable helium, FIGS, 28-30 show an effect of the
environment in the ionization chamber on the ionization of analytes in the vapor phase. In the examples of FIGS. 28-30,
helium was used as the sole reagent in an apparatus similar to the apparatus 210 of FIG. 27. No nebulizer gas was
introduced. The capillary, similar to capillary 212 of FIGS. 26 and 27, was held at a voltage of 3.5 kV. Assisting gases
were added as needed to create the desired environments in the ionization chamber. The effects of two such environments
are presented: (A) a nitrogen environment saturated with water; and (B) a dry nitrogen environment at 200 °C.
[0055] FIG. 28 shows mass spectra A and B generated by injection of metastable helium into a ferrocene vapor. Mass
spectrum A shows that the molecular inn of ferrocene M+* (m/z 186) is dominant in an environment of water-saturated
nitrogen. Mass spectrum B shows that the protonated molecular ion of ferrocene [M+H]+ (m/z 187) is dominant in an
environment of dry nitrogen at 200 °C.
[0056] FIG. 29 shows mass spectra A and B generated by injection of metastable helium into a thymol vapor. Mass
spectrum A shows that the molecular ion of thymol M+* (m/z 150) is dominant in an environment of water-saturated
nitrogen. Mass spectrum B shows that the protonated molecular ion of thymol [M+H]+ (m/z 151) is dominant in an
environment of dry nitrogen at 200 °C.
[0057] FIG. 30 shows mass spectra A and B generated by injection of metastable helium into a 4-bromophenol vapor.
Mass spectrum A shows that the molecular ions of 4-bromophenol M+* (m/z 172 and 174) are dominant in an environment
of water-saturated nitrogen Mass spectrum B shows that the protonated molecular ions of 4-bromophenol [M+H]+ (m/z
173 and 175) are dominant in an environment of dry nitrogen at 200 °C Two dominant peaks are seen in each of mass
spectra A and B because of the presence of the two predominant isotopes of bromine in the sample (i.e., Br-79 and Br-81).
[0058] Turning to examples of analysis of low-volatility compounds, mass spectra of the low-volatility paraffinic com-
pounds n-pentacosane and n-tetracontane were generated using metastable helium according to an embodiment of the
present invention Both compounds especially n-tetracontane, are difficult to detect using conventional mass spectrometric
methods known in the prior art
[0059] For the n-pentacosane analysis, a sample of the compound was heated to 200 °C using a metal probe, as
described above FIG 31 shows a mass spectrum generated by injection of metastable helium into the resulting vapor
The dominant peak represents a deprotonated molecular ion of n-pentacosane [M-H]+ (m/z 351 4). The peak at m/z 214
1 is attributable to an impurity in the sample
[0060] For the n-tetracontane analysis, a sample of the compound was heated to 230 °C using a metal probe, as
described above FIG. 32 shows a mass spectrum generated by injection of metastable helium into the resulting vapor
The mass spectrum shows three peaks characteristic of n-tetracontane a dominant deprotonated molecular ion [M-H]+

(m/z 561.7) and two large peaks for molecular ions showing deprotonation and addition of oxygen (i.e., [M+O-H]+ (m/z
577.7) and [M+2O-3H]+ (m/z 591.7)) The small peak at m/z 214.1 is attributable to an impurity in the sample.
[0061] A partial list of compounds which have been characterized using DICE-reagent sprays according to embodiment
of the present invention, including such compounds as have been discussed herein, are presented in Table 1, below.
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[0062] Further examples are presented in the following papers,: (1) Chan, C, et al., Desorption Ionization by Charge
Exchange (DICE) for Sample Analysis under Ambient Conditions by Mass Spectrometry (J. Am. Soc. Mass Spectrom.
(2010) 21, 1554-1560); (2) Chan, C. et al., Evading Metal Adduct Formation during Desorption-Ionization Mass Spec-
trometry, Rapid Commun. Mass Spectrom. (2010) 24, 2838-2842; and (3) Chan. C. et al. A Combined Desorption-
Ionization by Charge Exchange (DICE) and Desorption- Electrospray Ionization (DESI) Source for Mass Spectroscopy
(accepted for publication in J. Am. Soc. Mass Spectrom.)
[0063] It should be understood that the embodiments described herein are merely exemplary and that a person skilled
in the art may make many variations and modifications thereto without departing from the scope of the present invention
as defined by the appended claims. For example, in one modification of an embodiment of the invention, analytes that
are to be characterized are added directly to the solvent or solvent mixture before it enters the electrically-conductive
capillary. In such an embodiment, techniques for separating analytes (e.g., liquid chromatography) may be used to
separate analytes prior to ionization by a DICE method and their subsequent characterization by methods such as mass
analysis (e.g., mass spectroscopy). In another modification of an embodiment of the invention, reagents may be added
to the spray to evaluate chemical reactions at the surface of the sample being characterized. For example, a mixture of
naphthol and hexane that has been subjected to reverse- phase chromatography can be added in-line to the DICE
reagent, using, e.g., an apparatus such as apparatus 110 of FIG. 13. All such variations and modifications, not limited
to those discussed above, are intended to be included within the scope of the invention, as defined by the claims
presented below.

Table 1. List of Compounds Evaluated by DICE Technique

Compound
Amount deposited on 

Surface (ng/mm2)
Detected m/z (Ion Type)

Approximate S/N intensity ratio of 
molecular ion peak

Vitamin K 25 450 (M+°), 451 [MH]+ 20:1

Cholesterol 25
386 (M+°), 369 [MH]+ 

[MH - H2O]+
10:1

Estradiol 100
272 (M+°), 255 [MH]+ 

[MH - H2O]+
20:1

2-Naphthol 25 144 (M+°), 145 [MH]+ 100:1
1,4-Hydroquinone 100 110 (M+°) 20:1

Anthracene 25 178 (M+°), 179 [MH]+ 100:1

Vitamin A 250
286 (M+°), 269 [MH - 

H2O]+
20:1

DL-IX-Tocopherol 25 430 (M+°), 431 [MH]+ 20:1

p-Aminobenzoic 25 137 (M+°), 138 [MH]+ 20:1
Limonene 250 136 (M+°), 137 [MH]+ 10:1

Thymol 250 150 (M+°), 151 [MH]+ 100:1
Phenyl 

acetaldehyde
250 120 (M+°), 121 [MH]+]+ 100:1

Farnesyl acetate 250 264 (M+°), 265 [MH]+ 10:1

Chlorophenol 250 128/130 (M+°) 20:1
lodophenol 250 220 (M+°) 50:1

dil-lexyl ketone 250 198 (M+°), 199 [MH]+ 20:1
p-Cresol 250 108 (M+°) 100:1

Benzaldehyde 250
106 (M+°), 105 [MH]+, 

106 [MH]+
10:1

γ- terpinene 250 136 (M+°), 137 [MH]+ 50:1
β-pinene oxide 250 152 (M+°), 153 [MH]+ 5:1
β-Caryophyllene 250 204 (M+°), 205 [MH]+ 50:1

Fluoranthene 250 202 (M+°), 203 [MH]+ 10:1
Salicylaldoxime 250 137 (M+°), 138 [MH]+ 20:1

Ferrocene 250 187 (M+°), 187 [MH]+ 100:1
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Claims

1. A method of ionizing an analyte in a sample material using an apparatus (10) having an electrically-conductive
capillary (12) with an inlet (14) and an outlet (16) that it situated within a nebulizer tube (18) having an inlet (20) and
an outlet (22) such that the outlet (16) of the capillary (12) is proximate the outlet (22) of the nebulizer tube (18), the
capillary (12) being substantially concentric within the nebulizer tube (18),said method comprising the steps of
injecting a reagent that includes a solvent into the inlet (14) while holding the capillary (12) at a high electrical voltage
and while injecting a chemically inert gas into the inlet (20) of the nebulizer tube (18), thereby generating a spray
of the reagent and directing the spray onto a surface of the sample material, thereby desorbing and ionizing the
analyte, the method characterized by the spray including molecular ions of the solvent and the solvent including
a nonpolar -solvent that becomes electrochemically oxidized at the capillary, thereby forming the molecular ions of
the solvent.

2. The method of Claim 1, wherein the reagent further includes a polar solvent.

3. The method of Claim 1, wherein the reagent further includes helium.

4. The method of Claim 1, wherein the spray is directed onto the surface of the sample material under ambient conditions
of nominally one atmosphere.

5. The method of Claim 1, wherein the nonpolar-solvent is a solvent comprising aromatic hydrocarbons.

6. The method of Claim 1, wherein the nonpolar-solvent includes at least one of benzene, toluene, a xylene, a trimeth-
ylbenzene, a furan, a fullerene, and a fluoranthene.

7. The method of Claim 1, wherein the chemically-inert gas is nitrogen.

8. The method of Claim 1, wherein the nonpolar solvent is oxidized by a process of electron removal to form a molecular
cation by removal of an electron from a molecule of the solvent.

9. The method of Claim 1, wherein the ionized molecules of the nonpolar solvent include molecular cations of the
nonpolar solvent.

10. The method of Claim 1, wherein the ionized analyte is essentially free of alkali metal cations bound to the ionized
analyte.

Patentansprüche

1. Verfahren zum Ionisieren eines Analyten in einem Probenmaterial unter Verwendung einer Vorrichtung (10) mit
einer elektrisch leitfähigen Kapillare (12) mit einem Einlass (14) und einem Auslass (16), die innerhalb eines Zer-
stäuberrohres (18) mit einem Einlass (20) und einem Auslass (22) angeordnet ist, so dass sich der Auslass (16)
der Kapillare (12) nahe dem Auslass (22) des Zerstäuberrohres (18) befindet, wobei die Kapillare (12) innerhalb
des Zerstäuberrohres (18) im Wesentlichen konzentrisch ist, wobei das Verfahren die folgenden Schritte umfasst:
Einspritzen eines Reagens, das ein Lösungsmittel enthält, in den Einlass (14), während die Kapillare (12) an einer
hohen elektrischen Spannung gehalten wird und während eine chemisch inertes Gas in den Einlass (20) des Zer-
stäuberrohres (18) injiziert wird, wodurch aus dem Reagenz ein Spray erzeugt wird und das Spray auf eine Oberfläche
des Probenmaterials gerichtet wird, wodurch der Analyt desorbiert und ionisiert wird, wobei das Verfahren durch
Molekülionen des Lösungsmittels gekennzeichnet ist und das Lösungsmittel ein nichtpolares Lösungsmittel umfasst,
das an der Kapillare elektrochemisch oxidiert wird, wodurch die Molekülionen des Lösungsmittels gebildet werden.

2. Verfahren nach Anspruch 1, wobei das Reagens ferner ein polares Lösungsmittel umfasst.

3. Verfahren nach Anspruch 1, wobei das Reagens ferner Helium umfasst.

4. Verfahren nach Anspruch 1, wobei das Spray auf die Oberfläche des Probenmaterials unter Umgebungsbedingun-
gen von nominell einer Atmosphäre gerichtet wird.
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5. Verfahren nach Anspruch 1, wobei das unpolare Lösungsmittel ein Lösungsmittel ist, das aromatische Kohlenwas-
serstoffe umfasst.

6. Verfahren nach Anspruch 1, wobei das unpolare Lösungsmittel mindestens eines aus Benzol, Toluol, einem Xylol,
einem Trimethylbenzol, einem Furan, einem Fulleren und einem Fluoranthen umfasst.

7. Verfahren nach Anspruch 1, wobei das chemisch inerte Gas Stickstoff ist.

8. Verfahren nach Anspruch 1, wobei das unpolare Lösungsmittel durch einen Prozess der Elektronenentfernung zur
Bildung eines molekularen Kations durch Entfernung eines Elektrons von einem Molekül des Lösungsmittels oxidiert
wird.

9. Verfahren nach Anspruch 1, wobei die ionisierten Moleküle des unpolaren Lösungsmittels molekulare Kationen des
unpolaren Lösungsmittels umfassen.

10. Verfahren nach Anspruch 1, wobei der ionisierte Analyt im Wesentlichen frei von an den ionisierten Analyten ge-
bundenen Alkalimetallkationen ist.

Revendications

1. Procédé pour ioniser un analyte dans un matériau d’échantillon en utilisant un appareil (10) ayant un capillaire
conducteur d’électricité (12) avec une entrée (14) et une sortie (16) situé à l’intérieur d’un tube nébuliseur (18) ayant
une entrée (20) et une sortie (22) de sorte que la sortie (16) du capillaire (12) se trouve à proximité de la sortie (22)
du tube nébuliseur (18), le capillaire (12) étant essentiellement concentrique au tube nébuliseur (18) et à l’intérieur
de celui-ci, ledit procédé comprenant les étapes consistant à injecter un réactif contenant un solvant dans l’entrée
(14) tout en maintenant le tube capillaire (12) à une tension électrique élevée et tout en injectant un gaz chimiquement
inerte dans l’entrée (20) du tube nébuliseur (18), générant de ce fait une pulvérisation du réactif, et dirigeant le jet
sur la surface d’un matériau d’échantillon, de ce fait causant la désorption et l’ionisation dudit analyte, le procédé
étant caractérisé par des ions moléculaires du solvant, et le solvant comprenant un solvant non polaire qui s’oxyde
électrochimiquement dans le capillaire, formant de ce fait les ions moléculaires du solvant.

2. Procédé selon la revendication 1, dans lequel le réactif comprend en outre un solvant polaire.

3. Procédé selon la revendication 1, dans lequel le réactif comprend en outre de l’hélium.

4. Procédé selon la revendication 1, dans lequel le jet est dirigé sur la surface du matériau d’échantillon dans des
conditions ambiantes d’une atmosphère nominalement.

5. Procédé selon la revendication 1, dans lequel le solvant non polaire est un solvant comprenant des hydrocarbures
aromatiques.

6. Procédé selon la revendication 1, dans lequel le solvant non polaire comprend au moins du benzène, du toluène,
du xylène, du triméthylbenzène, du furane, du fullerène et du fluoranthène.

7. Procédé selon la revendication 1, dans lequel le gaz chimiquement inerte est de l’azote.

8. Procédé selon la revendication 1, dans lequel le solvant non polaire est oxydé par un procédé de retrait d’électron
pour former un cation moléculaire par le retrait d’un électron d’une molécule du solvant.

9. Procédé selon la revendication 1, dans lequel les molécules ionisées du solvant non polaire comprennent des
cations moléculaires du solvant non polaire.

10. Procédé selon la revendication 1, dans lequel l’analyte ionisé est essentiellement exempt de cations de métal alcalin
liés à l’analyte ionisé.
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