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Formation of solvated ions in the atmospheric interface
of an electrospray ionization triple-quadrupole mass
spectrometer†

Gitta Schlosser, Zoltán Takáts and Károly Vékey∗
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A simple method capable of generating and investigating various solvent clusters and solvated ions
was developed. The technique opens a door to studying these complexes on commercially available
instruments. Formation of the desired solvated ion in the gas phase was achieved by introducing the
appropriate volatile solvent vapour into the curtain gas stream. Capabilities of the technique are illustrated
by generating alkali, alkaline earth and transition metal cations solvated by various volatile compounds
such as water, methanol and acetonitrile. Depending on the ligands and on the experimental conditions,
clusters of 2–100 molecules may be observed. Isotope labelling suggests that these are formed by a
re-solvation process in the curtain gas region. Copyright  2003 John Wiley & Sons, Ltd.
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INTRODUCTION

Studying solvation–desolvation mechanisms of various ions
in the gas phase has been an issue of interest for more
than 30 years. The significance of these studies lies in the
analogy between gaseous and condensed-phase systems,1

but these are also relevant for atmospheric chemistry.2 Mass
spectrometric investigations of solvated ions may provide
thermodynamic information about the interaction between
ions and solvent molecules and give a better insight into
the structure of solution-phase species.3 – 6 Hydration of
molecules of biological significance (e.g. peptides, proteins
or nucleotides) has attracted interest recently.6 – 10 Mass
spectrometry can provide thermodynamic data on binding
and information on the coordination number.5,11 – 15 Cluster
ions also have various practical applications, e.g. utility
as mass calibration standards.16,17 There are several cluster-
forming techniques which can be applied in the investigation
of solvated ions.3,18 – 24 However, almost all systems used for
the generation of solvated ions are laboratory-built, designed
for investigating specific processes. The main objective of
this paper is to provide a widely available tool for generating
such type of ions in a controlled manner using a commercial
instrument.

Electrospray ionization (ESI)25 is a convenient method
to generate various supramolecular complexes, including
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solvent clusters, solvated metal cations and solvated ions of
various organic molecules. The method is often considered
as a technique transferring a very small fraction of the
solution phase directly into the gas phase. This is a simple
picture, and there is growing evidence that the mechanism
of cluster formation may be different. Recently, we have
described a series of events that occur in ESI following the
ion evaporation process.26 The ions formed in this way are
first accelerated in the Coulomb field of the nanodroplet from
which they evaporated from. Since this occurs in a relatively
high pressure region, a collision cascade will follow. In
the collisions, part of the kinetic energy (deriving from the
Coulomb field of the nanodroplet and not from potentials in
the instrument) is converted to internal energy. This is often
sufficient to desolvate the ions completely. Subsequently (but
still before the cone–orifice region) there will be collisions
at low kinetic energy, resulting in collisional cooling. A
typical application of controlled collisional cooling is the
stabilization of large protein complexes in the fore-vacuum
region of a mass spectrometer.27 – 30 It was shown that in
the absence of sufficient collisional cooling, large, multiply
charged protein complexes will dissociate, and cannot be
detected.

A consequence of the proposed scenario is that the
curtain gas not only hinders neutral particles from entering
the instrument, but also provides a cooling medium for
the ions. The large number of collisions occurring in this
region were also utilized to provide a medium for H/D
exchange, published recently.31 Based on the same concept,
we developed a new method to form solvated ions in the
curtain gas–orifice type atmospheric interface of a triple-
quadrupole mass spectrometer. The controlled production
of cluster ions is based on the addition of complex-forming
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agents to the curtain gas, which will result in the solvation of
the electrosprayed ions. This cluster formation phenomenon
is described in this paper from the viewpoints of both
applications and mechanistic considerations.

EXPERIMENTAL

In the experiments a PE-SCIEX API 2000 triple-quadrupole
mass spectrometer equipped with an electrospray source
was used. Spectra were acquired with a 4800 V spray voltage
and 30 V orifice voltage; the source housing was kept at room
temperature. The nebulizer gas pressure was set to 3 ð 105 Pa
and the curtain gas pressure to 2 ð 105 Pa. Sample solutions
(at 1 mM concentration) were introduced at a flow-rate of
30 µl min�1.

Introducing cluster-forming agents, usually solvents, into
the curtain gas flow required only a minor modification on
the curtain gas system. Using a stainless-steel T element
(Swagelok), a fused-silica capillary (Supelco) was inserted
into the curtain gas line just before it enters the mass
spectrometer. The cluster-forming agent was introduced
through this capillary. The flow-rate was varied in the range
0–25 µl min�1 and was controlled by the built-in syringe
pump of the instrument. In typical experiments, if not stated
otherwise, solvent infusion into the curtain gas was regulated
at 15 µl min�1. An even simpler experimental setup, which
yields qualitatively similar results, is to bubble the curtain
gas through a solvent reservoir.

Salts and solvents were purchased from Reanal (Buda-
pest, Hungary), D2O from Merck (Darmstadt, Germany) and
fittings and ferrules from Upchurch Scientific (Oak Harbor,
WA, USA).

RESULTS AND DISCUSSION

Clustering with solvent molecules has often been reported
in ESI, and it is known to depend on various experimental
parameters. The amount of solvent flow, the pressure and
type of the curtain gas and the position of the ESI needle
all play a significant role in cluster formation.16,32,33 This
suggests that formation of solvent clusters depends on the
amount of solvent vapour entering the mass spectrometer.
Based on this idea, a simple technique was developed
for generating various solvated ions in the atmospheric
interface of a mass spectrometer by introducing solvent
vapour into the curtain gas in a controlled manner. In this
method, following ESI, a volatile compound such as water,
acetonitrile or methanol is infused directly into the nitrogen
gas line using a simple T element. The presence of these
vapours in the curtain gas results in the appearance of
abundant cluster ions in a wide mass range. Using this
approach, abundant clusters of various composition can
be generated on a commercial instrument, which otherwise
would require extensive modifications or special, laboratory-
built instruments.3,18 – 21 Cluster size is influenced mainly by
the partial pressure of the volatile compound added to the
curtain gas and by the orifice-to-skimmer potential �Uor�.
Clusters formed this way have a composition corresponding
to the liquid added to the curtain gas and are independent

of the solvent used for electrospraying the sample. To avoid
confusion between these two liquids, the volatile compound
added to the curtain gas will be called ‘clustering agent’ in
the following.

Under typical operating conditions, the curtain gas
prevents cluster formation in ESI.26 Spraying dilute aqueous
or methanolic solutions of alkali metal halide salts usually
results in the appearance of a noise-like spectrum of low
abundance. When a solvent vapour is introduced into the
curtain gas flow, the intensity of ion signal is significantly
increased, and a series of solvated ions are observed. Figure 1
shows the spectrum obtained in the positive ion mode in the
case of spaying dilute aqueous NaCl solution and adding
water vapour to the curtain gas. Nearly all ions in the
spectrum correspond to Na�H2O�n

C clusters, which span a
wide range from n D 2 to 50. Increasing the partial pressure
of water vapour in the curtain gas, decreasing the orifice
voltage and placing the electrospray capillary far from the
curtain plate increase the cluster size observed. In this way,
Na�H2O�n

C clusters with n > 100 can also be observed with
1–5% relative abundance.

To confirm that the observed clusters are indeed formed
with the ‘clustering agent’ added to the curtain gas and
not from the solution used for electrospray, two control
experiments were performed. First, the ‘clustering agent’
was changed from water to methanol, while all other
parameters were kept constant. The resulting spectrum is
shown in Fig. 2(a), showing predominantly Na�CH3OH�n

C

cluster ions. In addition to these, at large cluster size another
cluster series appear, containing one or two water molecules
(Na�H2O��CH3OH�n

C and Na�H2O�2�CH3OH�n
C ions). This

is due either to a small partial pressure of H2O present in
the curtain gas region (coming from the spraying solution)
or to the initial production of small Na�H2O�C or Na�H2O�2

C

clusters in electrospray, which are subsequently solvated.
The appearance of these mixed clusters only at large cluster
size is likely to correspond to the stability differences in
mixed H2O–CH3OH clusters34. The other control experiment
was a sort of reverse process, spraying methanolic solution
of NaCl and adding water to the curtain gas (Fig. 2(b)). In
this case, predominantly Na�H2O�n

C clusters are formed.
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Figure 1. ESI spectrum of aqueous NaCl solution after adding
water vapour to the curtain gas.
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Figure 2. ESI spectra of (a) aqueous NaCl solution after
adding methanol vapour to the curtain gas and (b) methanolic
NaCl solution after adding water to the curtain gas. The inset in
(b) shows part of the spectrum on an expanded scale. In the
inset, Na�H2O�n(MeOH)C type ions are indicated by full circles
and Na�H2O�n(MeOH)2

C-type clusters by asterisks.

In addition to these, there is a ca 2–3 times less abundant
series of Na�CH3OH��H2O�n

C clusters and also a series of
Na�CH3OH�2�H2O�n

C clusters of low abundance, but there is
clearly no Na�CH3OH�n

C cluster series present. The relative
abundance of the various mixed H2O–CH3OH clusters
corresponds to an approximately statistical distribution
among water and methanol ligands present in a ca 15 : 1
molar ratio.

These experiments clearly show that the clusters are
formed with molecules present in the curtain gas region and
do not reflect composition of the ‘original’ solution which
was electrosprayed. A prerequisite of observing clusters
depends upon thermochemistry, i.e. the G of the reaction

MLn�1
C C L D MLn

C �1�

has to be of negative sign to observe an MLn
C cluster with

reasonable abundance (where MC is a metal ion and L a
ligand). Nitrogen does not form stable clusters, which is the
reason why it is an efficient curtain gas to prevent cluster
formation.

The mechanism of cluster formation was studied using
isotope labelling experiments. Figure 3 shows the result of
electrospraying aqueous NaCl solution while adding D2O
vapour to the curtain gas. As can be seen, almost all of
the clusters are perdeuterated, confirming the results dis-
cussed above that clusters are formed with the ‘clustering
agent’ added to the curtain gas and not molecules from the
electrosprayed solution. The most interesting results relate,
however, to the non-perdeuterated peaks, as shown in the
inset in Fig. 3. H/D exchange is known to be very fast in solu-
tions and in long-lived collision complexes and consequently
is likely to be very fast also in nanodroplets or clusters. This
would produce a statistical distribution of H/D atoms. In
contrast, the most intense non-perdeuterated signals corre-
spond to an even number (2 or 4) of residual hydrogens.
The most probable explanation is initial formation of naked
NaC ions and very small Na�H2O�n

C clusters (n D 1 or 2) in
the electrospray process. In subsequent collisions these will
add D2O molecules to form larger clusters, producing the
cluster pattern shown in Fig. 3. Ligand exchange, either in
the gas phase or in a nanodroplet, would result in H/D ran-
domization (i.e. a statistical distribution of H2O, HDO and
D2O molecules). This scenario should produce a statistical
distribution of H/D atoms in the clusters, in clear contrast to
the experimental results shown in Fig. 3. Another possibility
is that small solvent droplets may be present in the curtain
gas flow, and ions may be captured by these droplets, as
suggested by a referee. To test this hypothesis, we heated the
curtain gas flow by 40 °C (which should facilitate complete
evaporation), but this did not change the cluster distribution.

The cluster formation process is significantly influenced
by the partial pressure of the cluster-forming agent, which,
in turn, is determined by the flow of this agent into the
curtain gas. This dependence is illustrated in the case of
spraying aqueous NaCl solution and adding methanol to the
curtain gas. The result is illustrated in Fig. 4(a), where the
abundances of three cluster ions (Na�CH3OH�n

C, n D 2, 4
and 9) are shown as a function of methanol flow-rate, varied
in the range 0–25 µl min�1. Increasing the partial pressure
(flow-rate) of methanol shifts the cluster distribution to larger
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Figure 3. ESI spectrum of aqueous NaCl solution after adding
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C cluster
on an expanded scale.
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C clusters.

size. Another parameter which has a large influence on
cluster distribution is the orifice voltage. Figure 4(b) shows
its effect in the same system, illustrated in the case of three
Na�CH3OH�n

C ions. A high orifice voltage breaks up larger
clusters, so the cluster distribution shifts to smaller size. The
position of the needle also has an influence on the average
cluster size, but only to a small extent: on increasing the
distance between the ESI needle and the curtain plate, a
slight increase in the average cluster size was observed. The
most likely explanation is that cluster formation takes place
in the relatively low pressure curtain plate–Q0 region of
the mass spectrometer and the spray position influences the
number of collisions that the newly formed ions undergo and
this, in turn, may influence cluster composition. Analogous
results have been observed previously.31,35

The formation of various other clusters was also studied.
Clustering with acetonitrile is another instructive example
(Fig. 5(a), NaCl sprayed from aqueous solution). In contrast
to water, the cluster distribution is very narrow, and
practically only Na�CH3CN�2

C and Na�CH3CN�3
C ions can

be observed. The cluster with four acetonitrile molecules
�Na�CH3CN�4

C� has very low abundance, even at a high
acetonitrile flow-rate and low orifice voltage. Analogous
behaviour was also observed for other cations, water
producing clusters in a very broad range, acetonitrile only
few cluster ions, while methanol was in between these two
extremes. Cluster formation with ethanol (Fig. 5(b)) and
acetone (Fig. 5(c)) was also studied. The results suggest that
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Figure 5. ESI spectrum of aqueous NaCl solution after adding
(a) acetonitrile, (b) ethanol and (c) acetone vapour to the curtain
gas.

the degree and range of cluster sizes observed depends
on H-bonds. Water is known to show a large degree of
H-bonded networks, and forms very large clusters with a
broad distribution. In alcohols, H-bonded networks are less
prominent and the cluster size observed has a smaller range.
In those cases where there are no H-bonds, as in acetonitrile
and acetone, the cluster size is relatively small and has a
very narrow distribution. Maximum cluster size is likely to
correspond to filling the first coordination shell. Acetonitrile
and acetone molecules bound to the metal atom are unable
to establish hydrogen bonds, in contrast to the water. In
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consequence, binding additional ligands after saturation of
the first coordination sphere is not preferred.

Solvent clusters of other alkali metal ions were also
studied, the results being analogous to those discussed
above. Divalent alkaline earth metal ions (Mg2C and Ca2C)
show a significantly different picture. These were gener-
ated by electrospray from dilute MgCl2, Mg�NO3�2, CaCl2,
and Ca�NO3�2 solutions, adding water to the curtain gas.
Analogous clusters were formed in these cases. Predomi-
nantly doubly charged ions were formed, as illustrated in
the case of Ca2C, shown in Fig. 6. In addition to a broad range
of Ca�H2O�n

2C-type clusters (n starting at 5 and extend-
ing to well over 100), singly charged ions containing a
counter ion were also observed (Ca�NO3��H2O�n

C series,
n spanning a broad range). Using high Uor settings, smaller
doubly charged clusters (n D 3 and 4), and singly charged
M(OH)�H2O�n

C-type ions were also observed. These are CID
products of hydrated alkaline earth metal ions,36 and could
be generated also by tandem mass spectrometry (data not
shown).

Studies and applications related to transition metal
complexes are among the most exciting research areas.3,13,37,38

To illustrate the applicability of the present experimental
technique, solvation of divalent transition metal ions such
as Co2C, Ni2C and Cu2C was also studied. Solvation of
these ions results in a well-defined, narrow cluster size
distribution, in contrast to that of alkali or alkaline earth
metals. Acetonitrile and methanol produce abundant doubly
charged ions with all transition metals studied. Co2C and
Ni2C form predominantly ML6

2C-type clusters, while with
methanol the ML7

2C cluster is the most abundant. Cu2C

forms ML5
2C-type cluster with acetonitrile. As examples,

spectra of Co2C (sprayed from aqueous CoCl2 solution) with
methanol and acetonitrile are shown in Fig. 7. Interestingly,
the reaction with water vapour results in abundant singly
charged hydrated ions having an OH� counter ion and
the structure M(OH)�H2O�3

C; these may be fragmentation
(charge separation) products of larger doubly charged
clusters, as discussed above for Ca and Mg.

The cluster size distribution reflects the stability of
ions. When narrow size distributions are observed, these
are likely to reflect closed solvation shells. When broad
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Figure 7. ESI spectrum of aqueous CoCl2 solution after adding
(a) acetonitrile and (b) methanol vapour to the curtain gas.

cluster distributions are observed (Figs 1, 2, 3, 6 and 8), the
signal intensity distribution often shows the presence of
clusters with higher than average abundance. These ions are
referred to in the literature as ‘magic number clusters’.32,39 – 43

In addition to these abundant clusters, a decrease in the
abundance of neighbouring ions is also often observed.
The appearance of magic numbers clusters is connected
with clusters of special stability, and often can be connected
with the saturation of a coordination shell or formation of
nanocrystals.42 – 47 Well-documented cases are the hydrated
H3OC and NH4

C ions.41,46,48 – 51 Both show well-known
magic numbers at H3O�H2O�20

C and H3O�H2O�27
C and at

NH4�H2O�20
C and NH4�H2O�27

C, respectively (Fig. 8). Using
the developed technique, solvated H3OC and NH4

C clusters
were generated by spraying aqueous acetic acid or ammonia
solution and introducing water vapour into the curtain gas.
In these spectra the well-known magic number clusters at
n D 20 and 27 can be identified unambiguously (Fig. 8). Note
that the high-intensity magic number is accompanied by
neighbouring ions of reduced abundance.

CONCLUSIONS

A simple technique is presented capable of producing
abundant cluster ions in ESI using commercially available
instruments. The cluster-forming agent is introduced into the
curtain gas flow at a few µl min�1. The instrument does not
need any modification, only a T element is inserted into the
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C centre ion. The

spectrum was acquired by electrospraying aqueous ammonia
solution and adding water to the curtain gas.

curtain gas line just before entering the mass spectrometer,
to introduce the cluster-forming agent. The results strongly
suggest that in the ESI process first naked ions or very
small clusters are formed. This is in accord with the ion
evaporation process, commonly accepted52 – 55 for small ions.
When, as is usually done, a dry curtain gas is used, its
main role is to prevent solvent vapours (originating from
the spraying solution) from entering the mass spectrometer.
The curtain gas (usually N2) is not a good cluster-forming
agent. The naked ions initially formed consequently cannot
collide with solvent molecules, so larger clusters cannot
be formed. When a solvent (the so-called cluster-forming
agent) is introduced into the curtain gas flow, collisions of
the initially formed ion with these molecules may result
in the formation of a long-lived complex, which adduct
may be stabilized. Repetition of this process results in the
formation of larger clusters. This mechanism is supported
by isotope labelling experiments. The desolvation process
seems unaffected by the experimental conditions used, but
seems to be an intrinsic feature of the ESI of small ions.

The technique presented is a generally useful procedure
to form and study various clusters by adding appropriate
vapours to the curtain gas. Cluster ions can be formed in a
wide mass range. Production of solvated ions is not limited to
the solvent used for electrospraying the sample, but several
other cluster-forming agents can be used, even when the
sample is normally not soluble in the desired solvent.

A general conclusion of this study is that solvated
ions observed in ESI are formed by gas-phase association
reactions, and probably should not be considered as a small
fraction of the original liquid-phase structure. Ions entering
the mass spectrometer may have a significant amount of
internal energy,26,56 – 58 characterized by a statistical internal
energy distribution.56,57,59 The time necessary to transfer the
ions formed in ESI into the analyser region (in the range
of 100 µs � 1 ms) is long enough for rearrangements to take
place. This suggests that cluster ions studied in the mass
spectrometer are likely to be in their ground electronic state
and represent either the most stable isomer or possibly a
mixture of low-energy isomers.
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