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Abstract. Extractive electrospray ionization is an ambient ionization technique that
allows real-time sampling of liquid samples, including organic aerosols. Similar to
electrospray ionization, the composition of the electrospray solvent used in extractive
electrospray ionization can easily be altered to form metal cationized molecules
during ionization simply by adding a metal salt to the electrospray solvent. An
increase in sensitivity is observed for some molecules that are lithium, sodium, or
silver cationized compared with the protonated molecule formed in extractive
electrospray ionization with an acid additive. Tandem mass spectrometry of metal
cationizedmolecules can also significantly improve the ability to identify a compound.
Tandemmass spectrometry of lithium and silver cationizedmolecules can result in an

increase in the number and uniqueness of dissociation pathways relative to [M + H]+. These results highlight the
potential for extractive electrospray ionization with metal cationization in analyzing complex aerosol mixtures.
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Introduction

Ambient ionization is a family of techniques that requires
very few or no sample preparation steps and has become

an important area of research in analytical applications using
mass spectrometry [1–5]. Extractive electrospray ionization
(EESI) is an ambient ionization technique in which a solvent
is electrosprayed through a nebulized sample [6–13]. EESI is
simple in design and easily implementedwithmost commercial
electrospray ionization (ESI) sources [8]. Additionally, it has
been shown that EESI can be used to sample from aerosols in
real time as an alternative to collection, extraction, and deriv-
atization followed by lengthy analysis by gas chromatography-
mass spectrometry or liquid chromatography-mass spectrome-
try [14, 15]. One area of interest in our lab is characterization of
aerosols formed in the pyrolysis of biomass [16, 17]. Themethods
presented in this work were developed for the analysis of thermal
degradation products from cellulose-containing materials.

EESI is similar to ESI in that the electrospray solvent
composition is a primary factor in determining ionization effi-
ciency [18]. Compounds in the nebulized sample are ionized
and typically detected as [M + H]+. Although a number of
studies of ESI have focused on the influence of solvent com-
position [19–22], only a few studies have focused on the
influence of solvent composition in EESI [18, 23]. In previous
studies using EESI, the electrospray solvent typically contains
a proton source (often formic or acetic acid) [2].

Trace sodium contamination is common in electrosprayed
samples, and can increase the number of peaks in mass spectra
and decrease sensitivity due to formation of [M + Na]+ in
addition to the normal [M + H]+. The formation of [M + Na]+

can complicate spectral interpretation when it is not expected.
The source of sodium is typically attributed to salts leached
from glassware, transferred from contact with skin, or impuri-
ties in analytical grade solvents [24]. To reduce cation forma-
tion, online desalting methods have been used [25]. However,
the addition of metal salts to the electrospray solvent in ESI has
been shown to enhance sensitivity in some cases, including the
ionization of peptides [26], ethoxylate surfactants [27],
polyether ionophores [28], and carbohydrates [29]. In ESI,
large carbohydrates are most efficiently ionized by large metals
such as cesium; however, smaller carbohydrates such as small
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sugars are more efficiently ionized by smaller metals, such as
lithium [30]. One example of the effect of trace metal contam-
ination on ionization of a carbohydrate is ESI of levoglucosan,
a glucose derivative. Levoglucosan is a pyrolysis product of
carbohydrate polymers such as cellulose and is a tracer of
biomass burning in atmospheric particles [31]. In a solvent
mixture of water, methanol, and acetic acid, levoglucosan is
observed only as [M + Na]+. However, EESI-MS of
levoglucosan using the same solvent generates [M + H]+ and
no sodium cationized molecules. This result motivated study-
ing the addition of metal salts to the electrospray solvent to
induce metal cation formation in EESI. Because carbonyl and
oxy compounds are the type most commonly observed to be
adventitiously metal cationized in ESI, in this study lithium,
sodium, potassium, and silver salts were added to the EESI
electrospray solvent separately to evaluate the ability to metal
cationize some compounds of that type.

After ionizing by EESI, tandem mass spectrometry (MS/
MS) of each metal cationized compound was investigated as a
method to obtain more information on the structure of com-
pounds than can be obtained from MS/MS of the protonated
species. Metal cationization has been used to obtain structural
information from collision induced dissociation (CID) in the
study of ginsenosides [32], polyglycols [33], monosaccharides
[34], disaccharides [35], and polysaccharides [36]. EESI with
metal cationization coupled with MS/MS can produce in-
creased structural information compared with EESI with an
acid additive for some compounds.

Experimental
Aerosol Generation

Levoglucosan, syringol, maltol, glucose, and syringaldehyde
were all purchased from Sigma Aldrich (St. Louis, MO, USA).
A constant output atomizer (model 3076; TSI Inc., Shoreview,
MN, USA) was used to generate aerosol from a solution of
100 ppm of analyte in methanol using nitrogen gas. The output
of the constant output atomizer was diluted by nitrogen gas in a
dilution tube (radius 6 cm, height 34 cm) to evaporate methanol
solvent from the aerosol. The gas flow rate carrying the aerosol
to the EESI source was approximately 12 L/min and was
constant throughout all experiments.

Extractive Electrospray Ionization Mass Spectrom-
etry (EESI-MS)

Mass spectrometric measurements were carried out using an
Esquire 3000 ion trap mass spectrometer (Bruker Daltonics
Inc., Billerica, MA, USA). The door on the Apollo I ESI source
was removed and the ESI emitter was affixed orthogonally to
the inlet axis of the mass spectrometer, 7 mm from the spray
shield as shown in Figure 1. The output of the constant output
atomizer was positioned 8 mm from the inlet of the mass
spectrometer at approximately 135° with respect to both the
inlet of the mass spectrometer and the ESI emitter. This was

empirically found to give the most intense signal, but a sys-
tematic characterization of angles and distances was not per-
formed. The nebulization gas pressure for the electrospray
solvent was 1260 Torr, dry gas temperature was set to 300°C,
and dry gas flow rate was 3 L/min. The syringe and ESI emitter
were rinsed thoroughly with methanol before changing the
EESI solvent. Solvent flow rate through the ESI emitter was
2 μL/min.

Electrospray Solvent

The electrospray solvent was 50% water (Fisher, Hampton,
NH, USA) and 50% methanol (Fisher, Hampton, NH, USA)
(v/v) prior to inclusion of an additive. For EESI with an acid,
the additive used was acetic acid (Fisher) at a concentration of
175 mM. To study interactions with metals, sodium acetate
(Fisher), lithium acetate (Sigma Aldrich), potassium acetate
(Sigma Aldrich), and silver trifluoroacetate (Sigma Aldrich)
were added to the electrospray solvent at concentrations rang-
ing from 0.5 mM to 25 mM.

Results and Discussion
Metal Cationization of Levoglucosan

Metal salts were individually added to the electrospray solvent
for EESI-MS to ionize aerosolized levoglucosan and compare
sensitivities. Protonated levoglucosan is observed in the mass
spectrum when acetic acid is used as an additive with no trace
of sodiated levoglucosan (sodiated and not protonated
levoglucosan is observed when electrospraying levoglucosan
from this solvent). When a metal salt was used as the additive
for EESI, the corresponding metal cationized levoglucosan was
observed, with no protonated molecule, in the mass spectrum.
The intensity of each metal cationized molecule observed was
compared with the ion intensity of the protonated molecule
measured when acetic acid was used as an additive (n = 4). The
same concentration of levoglucosan was used in the constant
output atomizer for all experiments and, thus, any increase in
signal intensity is related to an increase in sensitivity. When
lithium was used as an additive, the signal for [levoglucosan +

Figure 1. Schematic of experimental setup
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Li]+ (m/z 169) was 4.3 ± 0.9 times greater than the signal for
[levoglucosan + H]+ (m/z 163) when acetic acid was used as an
additive. Similarly, the signal for [levoglucosan + Na]+ (m/z
185) was 3.0 ± 0.7 times greater when sodium was used as an
additive and the summed signal for [levoglucosan + Ag]+ (m/z
269 and 271) was 1.5 ± 0.6 times greater when silver was used
as an additive. Conversely, when potassium was used as an
additive, the signal for [levoglucosan + K]+ (m/z 201) was
reduced to only 0.3 ± 0.2 times the protonated molecule when
acid was used as an additive. Thus an increase in the sensitivity
of levoglucosan was observed from cationization with each
metal additive except potassium. Silver has two isotopes of
similar intensity, so the normalized intensity of [M + Ag]+ is
presented as the sum of [M + 107Ag]+ and [M + 109Ag]+.
Although the sensitivity of a single isotopic peak is slightly
less than the protonated species, the isotope pair provides a
characteristic signature in the mass spectrum. Compounds that
have undergone silver cationization can easily be distinguished
from other species by the isotopic peak doublet.

Lithium and sodium were found to increase sensitivity of
levoglucosan detection much more than silver; thus experi-
ments were carried out to separately determine the optimal
concentration of lithium and sodium in the electrospray solvent
to form metal cationized levoglucosan. The concentration of
each metal additive was individually varied from 0.5 to 25 mM
added to the electrospray solvents. In Figure 2, intensity of [M
+ X]+, where X represents the metal additive, is plotted as a
function of metal concentration. At all metal concentrations,
[M + Li]+ is formed in greater abundance than [M + Na]+, and
at salt concentrations higher than 10 mM, [M + Li]+ and [M +
Na]+ intensity plateaued. A decrease in the intensity of [M +
X]+ was observed above 10 mM lithium and 20 mM sodium
concentrations as metal acetate clusters became the dominant
peaks in the mass spectrum. To maximize sensitivity while
minimizing metal acetate clusters, 5 mM metal concentration
was used for the remainder of the study. Although this was
determined to be the optimal metal concentration for EESI, this
concentration is much higher than metal concentrations report-
ed for ESI in the literature [29–32].

To investigate the competitive formation of [M + Li]+ and
[M + Na]+ for levoglucosan, mixtures of lithium and sodium
acetate were used as additives to the electrospray solvent. The
total metal concentration was held constant at 5 mM, but the

ratio of lithium to sodium was varied as displayed in Figure 3.
The intensities of both [M + Li]+ and [M + Na]+ for each
mixture were normalized to the intensity of [M + Li]+ when
the additive was 100% lithium. The absolute value of the slope
of the line corresponding to [M + Li]+ is more than double the
slope of the line corresponding to [M + Na]+. This result
suggests that levoglucosan has a higher cation affinity for
lithium than sodium, which is consistent with results displayed
in Figure 2.

Metal Cationization of Other Compounds

To determine the applicability of metal cationization for other
compounds, analytes with other oxygen containing functional
groups were studied using both EESI with an acid additive and
EESI with different metal additives. Two mixtures were aero-
solized, one containing levoglucosan, syringol, and maltol, and
the other consisting of glucose and syringaldehyde. Both mix-
tures were aerosolized using a volume concentration of
100 ppm in methanol for each analyte. In general, peaks
corresponding to syringol and maltol appeared at much lower
intensity than those corresponding to levoglucosan, as shown
in Supplemental Figure 1 in the Supplemental Information. The
difference in sensitivity is likely due to differences in ionization
efficiency. As a result of using metal additives, [syringol + X]+

(where X is the added metal) increased in intensity relative to
the protonated molecule, whereas maltol decreased in sensitiv-
ity. In Figure 4, the ratio of [M + X]+ to [M + H]+ (the latter
when just using acetic acid as the additive) is plotted for each
compound and metal studied. The signal response of [M + Li]+

and [M + Na]+ for levoglucosan, syringol, and glucose is
greater with the addition of the metal salts to the electrospray
solvent compared with the protonated molecule. The combined
intensity of [glucose + 107Ag]+ and [glucose + 109Ag]+ showed
a slight increase in intensity. The uncertainty for the ratio of
[M+ X]+ to the protonated molecule for glucose is large due to
low sensitivity of [M +H]+. This low sensitivity is due in part to
fragmentation as an ion corresponding to a water loss from
protonated glucose was consistently observed as the base peak
in the mass spectrum, with very little of the protonated mole-
cule observed. However, an analogous fragment ion was not
observed in the mass spectrum for metal cationized glucose.

Both levoglucosan and glucose have also been studied using
electrospray ionization by dissolving standards in the same

Figure 2. Comparison of concentration profiles of both [M +
Li]+ and [M + Na]+ for levoglucosan. Both metals reached an
optimal intensity between 5 and 10 mM

Figure 3. Comparison of [M + Li]+ and [M + Na]+ for
levoglucosan in a mixture of the two metals. Total metal con-
centration was 5 mM
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electrospray solvents described above. Neither levoglucosan
nor glucose is observed as a protonated molecule; instead, both
are present as sodiated molecules even without added sodium.
Even with added lithium, potassium, and silver, the sodiated
form of each molecule is still present and often dominant. This
is in contrast with the finding above that levoglucosan has a
higher affinity for Li+ than Na+. Further studies are in progress
to understand the implications of this in the mechanism of
EESI. Further, ESI is muchmore sensitive to salt concentration,
as any concentration greater than 100 uM of metal acetate salts
yields metal acetate cluster ions that dominate the mass
spectrum.

Tandem Mass Spectrometry

One benefit to coupling EESI to an ion trap is the ability to
do efficient MS/MS. However, in general, very little infor-
mation is gained from CID MS/MS of protonated mono-
saccharides and related anhydrides. Figure 5a shows a CID
MS/MS spectra of [levoglucosan + H]+ in which only two
product ions are present. One of the product ions corre-
sponds to a water loss, which is very common among
carbohydrates and other oxygen-containing compounds.
The second product ion is a water adduct, which is an
unexpected product ion and will be the subject of a sepa-
rate report. In Figure 5b, a spectrum obtained from MS/MS

Figure 4. Comparison of intensities resulting from cationization of different analytes. All valueswere normalized to the observed ion
intensity of the protonated species in the absence of added metal salt. The ratio for [M + Ag]+ is representative of the sum of the ion
intensities of both isotopes

Figure 5. CID MS/MS spectra of (a) [levoglucosan + H]+, (b) [levoglucosan + Li]+, (c) [levoglusocan+107Ag]+, (d) [glucose + H]+, (e)
[glucose + Li]+, and (f) [glucose + 107Ag]+
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of lithium cationized levoglucosan is shown. Both ions
corresponding to the water adduct and the water loss are
present; however, product ions corresponding to carbon–
carbon bond cleavages as well as multiple losses of water
are detected. Similar product ions are observed in the MS/
MS spectrum of silver cationized levoglucosan as
displayed in Figure 5c. CID of [glucose + H]+ is similar
to [levoglucosan + H]+ in that only two product ions were
observed as shown in Figure 5d. Those two product ions
are water loss and CO loss, which are not very structurally
informative. Lithium and silver cationized glucose both
resulted in a unique MS/MS spectrum upon CID with
product ions corresponding to more structurally informa-
tive fragmentation pathways as shown in Figure 5e, f. A
detailed list of product ion masses and neutral losses for
Figure 5 can be found in the Supplemental Information
Table 1. For both levoglucosan and glucose, lithium and
silver cationization produced similar spectra, but with dif-
ferent relative intensities of the structurally significant
product ions. The unique MS/MS spectra suggest that
EESI with lithium cationization followed by CID could
provide a way to identify levoglucosan or glucose. Al-
though MS/MS experiments for both [M + Na]+ and [M
+ K]+ for levoglucosan and glucose were performed, no
product ions were observed. This is due to fact that the
only product ion that is formed is the metal cation. These
product ions, Na+ and K+, are not observed in the MS/MS
experiment because of the low mass cutoff during the ion
trap CID experiment. MS/MS spectra of analogous ions
generated by ESI are the same.

Conclusions
Metal cationization is effective for ionizing compounds
from aerosolized mixtures using EESI. Lithium and sodi-
um are both capable of more efficient ionization than
protonation of the compounds studied except maltol. This
is likely due to a combination of two factors, one increas-
ing the likelihood of metal cationization and the other
increasing the likelihood of protonation. Hydroxyl/ether
oxygens can more easily form bidentate (or higher) bind-
ing structures with the metal cation, and thus compounds
with multiple such groups will likely be favorable to metal
cationization. Conversely, carbonyl oxygens will have
higher proton affinities than hydroxyl/ether oxygens, mak-
ing those compounds relatively less favorable to metal
cationization. Efficient metal cationization will be depen-
dent on the ability for the metal to bind to the compound,
oxygen containing or other heteroatoms, in a multi-dentate
fashion. We are currently using theoretical modeling to
understand this in more detail.

Lithium cationization is also effective in aiding in the pro-
duction of rich fragmentation upon CID. Both of these points
will be beneficial using EESI in the study of complex aerosols
produced by biomass burning. For example, one can observe
metal cationization of multiple metals and/or multiple solvents
within the same aerosol sample by simply changing the solvent

flowing through the electrospray source. By observing shifts in
mass corresponding to metal cationization, one can conclude
which compounds have structures favorable for multi-dentate
interactions with metals.
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