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Electrospray Mass Spectrometry:
A Study on Some Aqueous Solutions
of Metal Salts*

z. L. Cheng", K. W. M. Siu, R. Guevremont, and S. S. Berman
Institute for Environmental Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada

Aqueous metal salt solutions were used as models to probe the origin of the species
observed in the electrospray mass spectrum. A qualitative or semiquantitative correlation
among different species was observed between electrospray responses and calculated
equilibrium aqueous solution concentrations. Quantitative correlations were obtained, how
ever, when ions that were identical in charge and similar in type were selected for
comparison. In these experiments the ions experienced very similar electrospray-related
processes and their effects on the responses were canceled in a comparison of these ions.
Consequently, the relative abundances of these ions in the electrospray mass spectrum
closely matched the calculated relative abundances in aqueous solution. Our results suggest
that the basic principle that determines ionic distribution in the electro spray mass spectrum
in aqueous solution chemistry. (J Am SocMilss Spectrom 1992, 3, 281-288)

Although electrospray mass spectrometry was
invented in the late 1960s [I], it was consid
ered at that time to be more a curiosity than

an analytical tool. The transformation came about in
the early 1980s, after Yamashita and Fenn [2] had
proved the analytical potentials of electrospray mass
spectrometry. The quantum leap in electrospray re
search took place a few years later after Fenn and
co-workers [3] had convincingly demonstrated the
technique's unrivaled capabilities in determining the
molecular mass of biopolymers via the formation of
multiply charged ions. This aspect alone has made
electrospray mass spectrometry arguably the premier
technique for molecular mass determination of pro
teins and other biomacromolecules.

As often occurs with other rapidly advancing tech
niques, our understanding of the principles behind
electrospray mass spectrometry has not kept pace
with the rapid expansion in applications. Most practi
tioners believe that the ions measured are preformed
in solution and electrospray merely transfers them
from the solution to the gas phase [4-7]. (The transfer
mechanism is poorly understood and is an area of
some controversy [6, 8-10].) Our interest in electro-
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spray mass spectrometry has lain in smaller ions [11],
but we were struck by the relative degree of complex
ity (i.e., information) of the spectra exhibited by some
multiply charged ions [3]. One question that we asked
ourselves was whether there was any correlation be
tween electrospray mass spectrum of an analyte and
its solution chemistry, and, if so, how they were
related.

To answer those questions we decided to measure
the electrospray mass spectra of several well
characterized proteins under controlled conditions and
attempt to correlate the spectral distribution to known
solution chemistry of the proteins. We were able to
account for the well-known bell-shaped distribution
of multiply charged protein ions by means of aqueous
solution equilibria of protonated protein species [12].
We were also able to follow the mass spectral shift of
cytochrome c induced by thermal denaturation by
means of this aqueous solution equilibrium model
[13].

Proteins, however, are not ideal candidates in a
study where quantitative correlations are examined.
Acid dissociation constants of protonated protein
species are scarce and the conformation of these
species in aqueous solution remains poorly under
stood. We have decided that aqueous solutions of
metal salts are much better probes for the question
that we posed. First, metal ions produce readily
interpretable electrospray mass spectra. Second, the
aqueous solution chemistry of metal salts is well char
acterized and reliable formation constants of a large
number of metal salt species are available [14].
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deionized distilled water. Typical concentrations
were in the 1 to 3 roM range. No acids and bases were
added unless explicitly stated. Organic solvents were
deliberately excluded for simplicity (effects of organic
solvents on the equilibria of metal salt species are little
known), although their addition generally results in
enhanced sensitivity.

Mass-dependent Discrimination Measurement

To be able to compare responses from different re
gions of a given electrospray mass spectrum, the
mass-dependent transmission efficiency of the mass
spectrometric system had to be estimated. This was
performed by means of the electrospray of a 1.13 p.M
solution of a mixture of seven tetraalkylammonium
bromide compounds (from tetramethyl- to tetrahep
tyl-) in 90/10 water/methanol. The chemically and
structurally similar surface active tetraalkylammonium
ions are the predominant cations present in these
solutions. We made the assumption that the differ
ence in their mass spectral responses would be a
reasonable estimate of the difference in mass trans
mission efficiencies. Of course, this required that
the variation in electrospray efficiencies (e.g., due to
the variation of free energies of hydration) among the
tetraalkylammonium ions be relatively minor in com
parison to the mass-dependent transmission function.

Figure 1 shows the results obtained under several
typical resolution conditions. These results are very
similar to a previous measurement by means of atmo
spheric pressure chemical ionization [15]. This similar
ity appears to support our approach. We expect that if
the approach used here introduced a bias in the esti
mation of the mass-dependent transmission function,
it would be on the side of underestimation. In other
words, the potential error lay in underestimating the
magnitude of the discriminating effect on higher mass
ions.

In this article, we are reporting the electrospray
mass spectra of a few aqueous metal salt solutions
and are examining the degree of correlation between
electrospray mass spectra and the distribution of pre
formed ions in aqueous solutions.

Experimental

Instrumentation

Experiments were performed on a SCIEX TAGA,
Model 6000E triple quadrupole mass spectrometer,
which has an upper mass limit of m / z - 1400. For
electrospray, the corona discharge assembly was re
moved and replaced with a laboratory-built electro
spray source. The spray probe was fabricated from a
3-cm-Iong, 33-gauge stainless steel tube (Hamilton,
- 100 Jlm 10) that had been attached to a length of
1/16" ID stainless steel tube (typically used in gas
chromatography) with epoxy glue. The optimum
probe tip position was established from time to time
but was generally found to be about 1-2 cm from the
interface plate with the spray off-axis from the orifice.
Solutions of metal salts were continuously infused
into the spray probe by means of a syringe pump
(Harvard Apparatus, Model 22) typically at a rate of
20 JlL/min. Spraying was achieved at room tempera
ture via biasing the electrospray probe to a typical
voltage of 3-3.5 kV by using a high voltage power
supply (Tennelec, Model TC950) in series with a 50
MD current-limiting resistor. The electrospray current
was monitored by a laboratory-made microammeter
that could be floated above ground; typical values
ranged between 0.1 and 0.2 !LA. Electrical isolation of
the probe was achieved by means of fused silica and
PEEK (polyetheretherketone, Upchurch) connection
tubing.

The lens and quadrupole voltages were optimized
for electrospray. Typically, two conditions were em
ployed; one for optimized sensitivity and resolution
(" regular" condition) and the other for minimal colli
sion energy in the lens region ("mild" condition). To
achieve the two different conditions the magnitude of
the de offset voltage difference between the orifice
plate and the radiofrequency-only quadrupole lens
was varied. For optimal ion transmission and resolu
tion a typical voltage difference was about 5 to 10 V;
for minimal collision energy, the typical voltage dif
ference was 0 V. Mass spectra were acquired with a
measurement time of 50 ms/step (typically a step was
either 0.1 or 0.3 mass to charge ratio). The quadrupole
mass filter was typically operated at unit mass resolu
tion. When deemed necessary this was improved to
obtain an accurate isotope profile of multiply charged
metal ions.
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Reagents
Metal salts were commercially available (Aldrich,
Sigma, and Anachemia). All solutions were 100%
aqueous prepared by dissolving the metal salts in
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Figure 1. Mass-dependent transmission efficiency under dif
ferent resolution parameters (RE1): Resolution decreases with
decreasing value of REI; a value of 115 yielded unit mass or
better resolution up to m I z 450.
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Figure 2. Electrospray mass spectrum of a 2 mM cadmium (II)
iodide solution in water, mild lens condition: (a) +, Cd(H,O)~+

clusters: (1)) 0, CdI(H,O);; clusters. Species identifIcation: 10 w
means (H20ho. .
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shown in Figure 2 are clearly cadmium-containing
because of their unmistakable cadmium isotopic pat
tern; the dusters in Figure 2a are doubly charged
cadmium ions because the peaks originating from
112Cd and from 114Cd are separated by one mass-to
charge ratio unit (this is more apparent in Figure 7a),
and the hydrated clusters are distributed nine mass
to-charge ratio units apart; those in Figure 2b are
singly charged because the peaks originating from
112Cdand from 114Cd are separated here by two mass
to-charge ratio units, and the hydrated clusters are
now distributed 18 mass-to-charge ratio units apart.

The spectrum for copper (II) sulphate (2 roM aque
ous solution, mild condition) is shown in Figure 3.
The predominant series of clusters was due to
CU(H20)~+ with n equals 7 to 13. Once again, the
isotopic pattern of copper is unmistakable. The dou
bly charged assignment is based on the fact that peaks
arising from 63CU and 65Cu are separated by one
mass-to-charge ratio unit and the cluster ions are nine
mass-to-charge ratio units apart. The minor copper
containing, Singly charged series is due to
Cu(OH)(HzO);; with n being 1 to 4. Unlike cadmium
(II) iodide, copper (II) sulphate does not (cannot) yield
MX(HzO);i ions. Another example that produces
singly charged metal/anion complexes is zinc (II) io
dide. Figure 4b illustrates this and shows a mass
spectral window in which four ZnI(HzO);; clusters
with n = 1 to 4 are shown (2 mM aqueous solution,
regular resolution condition).

For some metal salt solutions the only observable
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Equilibrium Calculations

Equilibrium concentrations of metal salt species in
water were calculated through an iterative process
with successive approximation via a FORTRAN pro
gram, COMICS [16], which was run on an mM PC
compatible microcomputer. This program required in
put of formation constants of species that were under
consideration. The formation constants used had been
scrutinized and compiled by Smith and Martell [14].
Activity coefficients for all ions were assumed to be
unity.

Results and Discussion
Mass spectra of the alkali metals have been available
since the early phases of electrospray [2], yet those of
the alkaline earth and transition metals were reported
only in the last couple of years [17-21]. The reason for
this delay may be twofold: Sensitive and selective
analytical techniques existed for metal ions while next
to none existed for biomacroions; further, it had been
believed that desorption of transition metal ions from
aqueous solutions was difficult or impossible [22).

Douglas [17] was the first to investigate the possi
bility of examining metal ions, including transition
metal ions, by electrospray. Kebarle and co-workers
[18-21) reported investigations on generating gas
phase ions of alkaline earth and transition metals by
electrospray and their gas-phase ion chemistry. These
studies leave little doubt that gas-phase metal-contain
ing ions may be produced in the electrospray process
under appropriate experimental conditions.

As previously mentioned, our interests in metal
ions lay in their relatively well-characterized solution
chemistry; our prime objective was to employ metal
salt solutions as probes to investigate the relationship
between the eleetrospray mass spectrum and solution
chemistry. To have as simple and as well-char
acterized a system as possible, we had opted, in this
first round of study, to prepare our samples by simply
dissolving known quantities of metal salts in water
and avoiding the addition of any acids, bases, or
organic solvents.

Eleetrospray mass spectra of 1-3 mM aqueous so
lutions of some 20 metal salts, mostly metal halides,
have been recorded to date. Results of a few typical
salts will be shown here. Figure 2 shows the electro
spray mass spectrum of cadmium (II) iodide (2 mM
aqueous solution) under the mild condition. The pre
dominant ions observed were Cd(H20);+ (Figure 2a)
and CdI(H20);; (Figure 2b). A universal feature in the
electrospray mass spectra of aqueous metal salt solu
tions is the abundance of hydrated clusters. Under
the mild condition, it is typical to observe n from
about 6 to about 13 for doubly charged ions, and n
from about 2 to about 4 for singly charged ions.
Ouster identification is made easy because of the
metal isotopic pattern and the separation between
adjacent hydrated clusters. For example, the clusters
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Figure 3. Electrospray mass spectrum of a 2 mM copper (II)
sulphate solution, mild lens condition: +, CU(H20)~+ clusters;
*, Cu(OH)(H20): clusters. Species identification: 10 w means
(H 20 h o·

series of clusters was due to MOH(H 20);;, e.g., tin
(II) chloride (2 mM, Figure 5) and mercury (II) nitrate
(2 mM, Figure 6). In these two fIgures the upper
spectra are shown in semilogarithmic format such that
both large and small peaks are visible simultaneously;
the lower spectra are portions of the upper spectra
portrayed in conventional mass spectrometric format.
It should be pointed out that Sn(OH)(H20)~ is
isobaric with SnCl(H 20);;_1; the assignment of
Sn(OH)(H20);; in Figure 5 was based on the observa
tion of Sn(OH)+ (i.e., n = 0) and the lack of observ
able chlorine isotopic influence in Figure 5b. How-

m/z
Figure s. Electrospray mass spectrum of a 2 mM tin(II) chlo
ride solution in water, regular lens condition: (a) response in
logarithmic format; *, Sn(OH)(H20)~ clusters; number before
w equals n; (b) expanded portion of (a) in normal format
showing two clusters. n ~ I and n = 2.

m/z
Figure 4. Electrospray mass spectrum of a 2 mM zinc (II)
iodide a~ueous solution, regular lens condition: (a) +,
Zn(H 20). + dusters; *, Zn(OH)(H 20): clusters; (b) 0,

Znl(H 20): clusters. Species identification: 10 w means (H 20ho.
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Figure 6. Electrospray mass spectrum of a 2 mM mercury (II)
nitrate solution in water, regular lens condition: (a) response in
logarithmic format; *. Hg(OH)(H20)~+ clusters; (b) expanded
portion of (a) in normal format showing four dusters, n = 0,
n = 1, n = 2, n = 3.
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ever, it is possible that SnO(HZO);;_l could be pres
ent as a minor constituent.

The degree of hydration that we witnessed in our
experiments was typically higher than that of organic
ions such as tettaalkyl (butyl to hepta) ammonium
ions under identical lens (hence cluster breaking) po
tentials. We attributed this to the much higher charge
densities of metal-containing ions primarily because
of their smaller sizes. The observation that M Z+ ions
were far more heavily hydrated than MX+ ions (where
M and X represent any divalent metal ion and halide
ion, respectively) paralleled a previous observation
made on a series of aliphatic dicarboxylic acids [11].

The metal-containing ions that we have seen in the
electrospray mass spectra are in accord with the
species present in solution. Formation constants of a
large number of metal anion complexes are known
and have been critically evaluated [14]. We were able
to calculate equilibrium concentrations of metal com
plexes in aqueous solution by entering these con
stants, the total metal and anion concentrations as
well as pH into the Fortran program, COMICS. The
results for the bve metal salt solutions that are being
considered here are shown in Table 1. It is tempting
to over interpret the comparison between spectral
abundances and solution concentrations among the
different metal salts and complexes. Two major
sources of problems exist in the comparison of abun
dances of ions in the electrospray mass spectrum and
the abundances of ions (especially oxides and hydrox
ides) in aqueous solution. The first is related to the
electrospray process itself. With regard to the solution
chemistry there are several potential sources of error
in the calculated concentrations of species in solution.
For example, the calculated concentration of Cd(OH)+
in Table 1 is clearly wrong if the only component
added to the aqueous solution was Cdl, to yield a
final solution pH of 5.2 (i.e., the pH must have been
lowered, in part, due to the hydrolysis of metal ions).
In addition, it also must be recognized that an error
might exist in the measurement of pH (e.g., due to
liquid junction potential) in dilute solutions. The pres
ence of very low concentrations of organic com
pounds (10- 5 M) affects pH and the accuracy of its
measurement in very dilute aqueous solutions. From
the point of view of the electrospray process, the
comparison between abundances of ions in the elec
trospray mass spectrum and the abundances of ions

in aqueous solution will also be difficult if the electro
spray ion desorption process, or gas-phase chemistry,
is species-dependent. It must be borne in mind that
ions different in nature (i.e., charge, type, or kind)
are likely to have different desorption efficiencies in
electrospray, thus making quantitative comparisons
among these ions diffIcult. The only time when a
quantitative comparison of ion abundances in a given
mass spectrum is possible is the one in which ions
identical in charge and very similar in nature are
involved, as will be illustrated below.

Comparing the data in Table 1 and the electrospray
mass spectra, we can observe a qualitative agreement
between the species expected in solution and the
species observed in the spectrum. Let us set aside the
doubly charged species for the time being and con
centrate only on the singly charged MX+ and M(OH) +
species. For cadmium (Il) iodide, the solution concen
tration of Cdl " was much higher than that of
Cd(OH)+; we saw substantial CdI(HzO)~ response
and none from Cd(OH)(HzO)~.The electrospray sen
sitivity for zinc (Il) iodide was very high and both
ZnI(H20);; and Zn(OH);; were observed even though
their calculated solution concentrations were rela
tively low. The predominant singly charged tin (II)
species in solution was calculated to be Sn(OH)+ and
the prime observable series of ions were Sn(OH)
(HzO);;. The solution concentration of Hg(OH)+ was
calculated to be much higher than that of HgNOj;
only Hg(OH)(HzO);i ions were observed. For the
doubly charged ions, it was generally observed that
their responses were lower (relative to those of the
singly charged ions) than expected from their solution
concentrations. This apparent discrepancy in the
evaporation efficiencies of singly and doubly charged
ions has also been observed in a previous study In
volving organic ions with multicarboxylate and/or
multisulphonate groups [11). Here, as previously, we
speculate that the apparent higher evaporation effi
ciencies of singly (versus doubly) charged ions are
due to the lower free energies of hydration of these
ions [23].

In addition, it was observed that for several metal
salt solutions in which M(OH)+ is not expected to be
abundant in solution, the M(OH)(HzO)~ response is
relatively too high. For these solutions, the relative
responses of M(OH)(H20)~ versus MX(HzO);i and
M(H20)~+ increase with the ion energy imposed in

Table 1. Calculated concentrations of predominant charged species in solution"

Concentration (Ml

cer, CUS04 Znl 2 SnCI 2 Hg(N0 3 J2

pH 5.2 4.7 5.4 3.3 3.2
M 2+ 1.2 x 10- 3 2.0 X 10- 3 2.0 X 10- 3 5.3 X 10- 4 6.2 X 10- 4

MX+ 7.1 X 10- 4 8.0 X 10- 6 6.7 x 10- 6 3.2 X 10- 6

M(OH)+ 3.0 X 10- 8 7.9 X 10- 6 5.0 X 10- 7 1.7 X 10- 4 3.9 X 10- 4

ilMetal salt concentrations were aU 2 mM; activity coefficients = 1.
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semiquantitative resemblance between calculated
species equilibrium solution concentrations and the
electrospray responses of those species. The reason
for this relatively poor inter-species correlation is ap
parently due to the different processes and desorption
efficiencies experienced by these different species. To
investigate the relationship between the electrospray
mass spectrum and solution chemistry, the effects of
these species-dependent and evaporation-related
processes would have to be canceled in any quantita
tive comparisons. This can be achieved in an experi
ment wherein species that are identical in charge and
similar in kind are evaluated. Two such experiments
were performed. The first one involved a series of
solutions containing varying ratios of cadmium (II)
iodide to cadmium (II) chloride; the second involved
solutions of silver nitrate containing different concen
trations of ammonia.

In the cadmium salt experiment a series of aqueous
solutions containing a fixed cadmium halide concen
tration (2 mM in cadmium and 4 mM in chloride plus
iodide) was analyzed by electrospray and their
CdO(H20);; and CdI(H20)~ responses compared. In
this study it is reasonable to assume that the electro
spray processes experienced by CdCI+ and CdI+ were
very similar, and a comparison of the two species
would allow the cancellation of evaporation-related
contributions and hence reveal any partially obscure
fundamental trend such as one that might be imposed
by solution chemistry. Figure 8 illustrates a compari
son between the calculated CdX + (X = CI or I) con
centrations (upper plot) and the CdX+ responses (sum
of all hydrated clusters) (lower plot) as a function of
the total chloride concentrations in solution; the total
chloride plus iodide concentration was kept constant
at 4 mM while the total cadmium concentration was
maintained at 2 mM. The responses shown have pre
viously been corrected for mass-dependent discrimi
nation. Good quantitative agreement between the
plots is evident. The CdX+ response follows the same
trend as the calculated CdX+ solution concentration.
Cd'Cl " concentration and CdCI+ response increase
while CdI+ concentration and CdI+ response de
crease as the ratio of total chloride to total iodide
concentration is raised; the rates of change between
solution concentrations and mass spectral responses
are comparable. The total chloride concentrations
where calculated CdX+ concentrations and measured
CdX+ electrospray responses are identical are esti
mated to be 2.6 and 2.3 mM, respectively. These
numbers are judged identical given the uncertainties
in measurement and in the relevant formation con
stants.

In the second experiment a series of solutions con
taining a fixed silver nitrate concentration at 2 roM but
a varying concentration of ammonia from 0.1 to 20
mM were prepared and analyzed sequentially. (This
was the only experiment in which materials other
than the metal salts and water were employed.) It is
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the lens region (proportional to the difference be
tween the bias voltage on the orifice plate and that on
the quadrupole lens). One metal salt that exhibits this
trend is cadmium (II) iodide. Figure 7 shows an ex
panded portion of the mass spectrum of a 2 roM
cadmium iodide solution recorded under the regular
condition (with a lens voltage difference of 8 V). In
Figure 7, the presence of Cd(OH)+ (which partially
overlaps with Cd(H20)~+) is quite apparent. Thus,
Cd(OH)(H20)~was observed to increase in response
(both relative and absolute) from nondetectable to
significant when the lens voltage difference was in
creased from 0 to 8 V. For some metal salts, the
M(OH)(H20)~ response does not vanish completely
even when the lens voltage difference is at zero, for
instance, copper salts (e.g., Figure 3). These results
are in accord with the reports of Kebarle and co
workers [18-21] in which significant gas-phase con
versions of M(OH)(H20)~ from M(H20);,+ (where
m > n) were discussed. The presence of solvent
derived metal oxide species is an interesting subject
that we plan to address in more detail in a later
report. Suffice it to say here that the M(OH)(H20)~

responses for some metal salt solutions appeared
larger than those that can be expected from their
calculated equilibrium concentrations.

So far we have seen a qualitative or an arguably

M/Z
Figure 7. Eleclrospray mass spectrum of a 2 mM cadmium (11)
iodide solution in water, regular lens condition: *, denotes
contribution from Cd(OH)+.
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were prepared by the dissolution of appropriate amounts of
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well-known that silver complexes with ammonia to
form Ag(NH3)+ and Ag(NH3)t in solution. In Figure
9 the relative responses of the two singly charged
adduct ions (sum of all hydrated clusters) and their
relative equilibrium concentrations in solution are
plotted versus the aqueous ammonia concentrations.
A difference of 3 V in lens voltages was used for this
experiment (to ensure adequate sensitivity for low
ammonia concentration measurements). The degree
of collision-induced conversion from Ag(NH 3h
(H 20);:; to Ag(NH 3)(H20);; (m > n) in the lens re
gion was measured in a separate experiment in which
a 2-mM silver nitrate solution containing 0.18 M am
monia was analyzed. According to equilibrium calcu
lation, the relative concentration between Ag(NH3)t
and Ag(NH3) + in this solution was about 1400 to 1.
Consequently, we assumed that any Ag(NH3)(H20);;

signal that we saw in the electrospray mass spec
trum was due to gas-phase conversion from
Ag(NH3h(HzO);:; to Ag(NH3)(H20):. As expected,
the degree of this conversion increased with increas
ing voltage difference employed in the lens region.
We estimated that, with the present experimental
setting of a voltage difference of 3 V, about 15% of
Ag(NH3}z(HzO)~ was converted to Ag(NH3)(HzO)~

in the gas phase; this small conversion factor was
included in the relative response plot. The agreement
between the relative responses and the relative solu
tion concentrations was good.

These two experiments suggest that the fundamen
tal principal governing electrospray mass spectrome
try appears to be aqueous solution chemistry. How
ever, since different types of ions may experience
drastically different electrospray efficiencies and pro
cesses, a quantitative correlation between the electro
spray mass spectral responses and the solution con
centrations may not be readily observable. Indeed,
the correlation among different types of ions is so
apparently skewed that only qualitative trends are
apparent. That is to say, although solution chemistry
dictates the types of ions that appear in the electro
spray mass spectrum, other processes may modify the
abundances of those ions. As shown above, these
desorption-related contributions can be canceled in
carefully designed experiments; once this is done,
quantitative relationship between species solution
concentration and electrospray response is revealed.
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