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1.1
Introduction

1.1.1
Origins of Electrospray Mass Spectrometry

Electrospray Ionization (ESI) is a method by which solutes present in a solution
can be transferred into the gas phase as ions. The gas-phase ions can then be detected
by mass spectrometric means (ESI-MS). Remarkably, ESI can handle a vast variety
of analytes from small inorganic or organic species to polymers, nucleic acids,
and proteins of very high molecular mass. The analytes present in the solution
may be positive or negative ions, or compounds that are not ionized in the solution
that is sprayed. In that case the analyte is charged by association with one or more of
the ions present in the solution. This charging process is part of the electrospray
mechanism. ESI-MS is an excellent method for detection of analytes generated by
high-pressure liquid chromatography or capillary electrophoresis. As a result,
scientists in biochemical, biomedical, and pharmaceutical research were early
users of the new technology. A more recent and rapidly developing area is the
study of homogeneous catalysis in solution via ESI-MS, and this involves the
detection of ionic catalytic intermediates [1]. This is the central area of the present
book.
The significance of ESI-MSwas recognized by the award of aNobel Prize in 2002 to

JohnFenn [2], whowas themajor developer of themethod. The initial development of
the method is due to Malcolm Dole. In the nineteen sixties Malcolm Dole was
interested in the determination of themolecularmass of synthetic polymers. But how
could one get large polymers into the gas-phase without decomposing them?
Dole reasoned that if one used a very dilute solution of the analyte and nebulized
such a solution into extremely small droplets one could obtain many droplets
that contain only a single analyte molecule. Evaporation of such droplets would
then lead to a transfer of the analyte molecules to the gas phase. If the analyte was
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not charged, as was the case for some polymers, the presence of an electrolyte
such as Naþ could lead to addition of Naþ to the polymer molecule on evaporation
of droplets that happen to contain a single polymer molecule and one Naþ ion.
Such statistical charging was known to occur [3] but was a rather inefficient
source of ionized analytes. Something better was required. While working as a
consultant of a paint company, Dole witnessed the use of electrostatic spraying to
apply paint to car bodies [4a]. In this spray process, the spray nozzle was kept at a
high voltage, and this led to the production of very small charged paint droplets
which were attracted to the car body kept at ground potential. Dole and coworkers
were able to produce small charged droplets by applying electrospray to polystyrene
solutions. The evaporation of the very small droplets led to polystyrene ions that
could be detected using ion mobility or kinetic energy analysis of the produced
ions [4b]. While Dole�s methods and results had some flaws they clearly
indicated that electrospray is a very promising soft ionization method for macro-
molecules [4b].
FollowingDole�s [4] work, JohnFenn introduced somedecisive improvements that

allowed a mass spectrometer to be interfaced to an electrospray source [5, 6] and
clearly demonstrated that ESI-MS could be used very effectively for the analysis
of small ions andmolecules [5] aswell as peptides andproteinswith amolecularmass
extending into the megadalton range [6]. This work had a big impact and started the
ESI-MS revolution that is continuing to this day.

1.1.2
Aims of this Chapter

This chapter is written for users of ESI-MS. It presents an account of �how it all
works.� Such understanding is desirable because the observed mass spectra depend
on a large number of parameters. These start with a choice of solvent and con-
centrations of the analyte, choice of additives to the solution that may be beneficial,
choice of the flow rates of the solution through the spray capillary, the electrical
potentials applied to the spray capillary (also called �needle�) and the potentials of ion
optical elements that are part of themass analyzer. Proper choice of these parameters
requires not only some understanding of conventionalmass spectrometry but also of
the electrospray mechanism. In early work on ESI-MS many of these parameters
were established by trial and error, but now that a better understanding of the
mechanism is at hand more rational choices are possible. The present chapter
provides an up to date account of Electrospray. For a broader coverage, which is
somewhat dated but still relevant, the review by Smith and coworkers is
recommended [7].
As mentioned already, electrospray existed long before its application to mass

spectrometry. It is a method of considerable importance for the electrostatic disper-
sion of liquids and creation of aerosols. Much of the theory concerning the
mechanism of the charged droplet formation was developed by researchers in
aerosol science. A compilation of articles devoted to electrospray can be found in
a recent special issue of the Journal of Aerosol Science [8].
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1.2
Production of Gas-Phase Ions by Electrospray and Electrospray Ionization Mass
Spectrometry

1.2.1
Overview

There are three major steps in the production of gas-phase ions from electrolyte ions
in solution: (a) production of charged droplets at the ES capillary tip; (b) shrinkage of
the charged droplets due to solvent evaporation and repeated charge-induced droplet
disintegrations that ultimately lead to small highly charged droplets capable of
producing gas-phase ions, and (c) the actual mechanism by which gas-phase ions
are produced from these droplets. All stages occur in the atmospheric pressure
region of the apparatus, see Figure 1.1.
A small fraction of the ions resulting from the preceding stages enter the vacuum

region of the interface leading to the mass spectrometer through a small orifice or
capillary. Two types of apparatus using a capillary are shown inFigure 1.2. The created
gas-phase ions may be clustered with solvent molecules and other additives that
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Figure 1.1 Schematic of major processes
occurring in the atmospheric pressure region
of electrospray. TDC stands for total droplet
current (I). The figure illustratesmajor processes
occurring in the atmospheric pressure region of
an ESI run in the positive ion mode. Penetration
of the imposed electric field into the liquid leads
to formation of an electric double layer at the
meniscus. The double layer is due to the
polarizabilty and dipole moments of the
solvent molecules and an enrichment near the
meniscus of positive ions present in the solution.

These cause a destabilization of the meniscus
and formation of a cone and a jet charged by an
excess of positive ions. The jet splits into droplets
charged with an excess of positive ions.
Evaporation of the charged droplets brings the
charges closer together. The increasing
Coulombic repulsion destabilizes the droplets,
which emit a jet of smaller charged progeny
droplets. Evaporation of progeny droplets leads
to destabilization and emission of a second
generation of progeny droplets, and so on until
free gas-phase ions form at some point.
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would broaden m/z peaks excessively. The gas-phase ions are therefore subjected
to a thermal declustering or �clean-up� stage by heating the capillary. Often a
countercurrent flow of an inert gas is used to minimize entrance of solvent vapor
into the vacuum region. A second clean-up stage is obtained through collisional
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Figure 1.2 (a) Schematic of Electrospray (ES)
and interface to mass spectrometer. Solution
containing analyte is supplied to the ES spray tip
by a motor-driven syringe via flexible glass
capillary tubing. A positive potential is applied to
the spray tip (positive ion mode). The spray of
positively charged droplets emerges from the
spray capillary tip (see Figure 1.1). Solvent
evaporation of the charged droplets leads to gas-
phase ions. A mixture of ions, small charged
droplets, and solvent vapor in the ambient gas
enters the orifice leading to the nitrogen counter-
current chamber. The weak nitrogen counter-
current removes the solvent vapor, but the ions,
driven by an electric potential and pressure
difference, enter the heated capillary pathway

into the low pressure chamber. An electric field
between this capillary and the skimmer cone
accelerates the ions for a further collision-
activated �clean-up� of the ions. The potential
difference over the cone orifice and downstream
ion optical elements transports the ions into the
high vacuum region of the mass analysis
chamber. (b) Same as Figure 1.2a but showing
Nanoelectrospray. Large diameter end of
NanoES tip capillary is �loaded� with mL amounts
of solution. The electrical potential is supplied to
the nano tip either by a Pt wire or by a metal film
coating the outside of the capillary. A spray of
chargednanodroplets results from thepull of the
electric field on the polarized meniscus of the
solution at the capillary tip.
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activation by applying an electric potential difference between the capillary exit and
the skimmer. The chamber past the capillary is at a vacuum of a few torr, so that
acceleration of ions by the applied field results in multiple collisions with neutral
gasmolecules. The accumulating internal energy of the ions leads to ion desolvation,
and at higher applied fields to ion fragmentation. The mass-selecting ion optics
of the mass spectrometer are placed beyond the skimmer because they require high
vacuum conditions.

1.2.2
Production of Charged Droplets at the Capillary Tip

As shown in Figure 1.1, a voltage (Vc) of 2–3 kV is applied to the spray capillary.
The counter electrode in ESMS may be a plate with an orifice leading to the mass
spectrometric sampling system or a sampling capillary, mounted on the plate, which
leads to the MS, as shown in Figure 1.2a. Because the spray capillary tip has a very
small diameter, the electric field (Ec) at the capillary tip is very high (Ec� 106 V/m).
The value of the field at the capillary tip opposite a large and planar counter electrode
can be evaluated with the approximate relationship [9];

Ec ¼ 2 Vc=½rclnð4d=rcÞ� ð1:1Þ

where Vc is the applied potential, rc is the capillary outer radius, and d is the distance
from the capillary tip to the counter electrode. For example, the combination
of Vc¼ 2000 V, rc¼ 5� 10�4m and d¼ 0.02m leads to: Ec� 1.6� 106 V/m.
As indicated by Eq. (1.1) the field Ec is proportional to Vc, with the most important
geometry parameter being rc. Ec is essentially inversely proportional to rc, while it
decreases slowly with the electrode separation d.
A typical solution supplied to the capillary is a polar solvent in which the

analyte is soluble. Because ESI-MS is a very sensitive method, low concentrations,
10�7� 10�3mol L�1 (M), of analyte need to be used. Methanol or methanol/water,
acetonitrile or acetonitrile/water are often used as the solvent. However, apolar and
nonprotic solvents like toluene, nitromethane, dichloromethane and formamide
can be used as well although ionic additives may be required in order to obtain
stable spray conditions. For an overview of some of the solvents used in electrospray
see Ref. [10]. For simplicity in the subsequent discussion, we will assume that the
analyte is ionic, and only the positive ion mode will be considered.
The field Ec when turned on, will penetrate the solution near the spray capillary tip.

This will cause a polarization of the solvent near the meniscus of the liquid. In the
presence of even traces of an electrolyte, the solution will be sufficiently conducting
and the positive and negative electrolyte ions in the solution will move under the
influence of the field. This will lead to an enrichment of positive ions on or near the
surface of the meniscus and enrichment of negative ions away from the meniscus.
The forces due to the polarization cause a distortion of the meniscus into a cone
pointing downfield (seeFigure 1.1). The increase of surface due to the cone formation
is resisted by the surface tension of the liquid. The cone formed is called a Taylor cone
(see Taylor [11] and Fernandez de laMora [12]). If the applied field is sufficiently high,
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a fine jet emerges from the cone tip, whose surface is charged by an excess of positive
ions. The jet breaks up into small charged droplets (see Figure 1.1 and Figure 1.3a,
due to Cloupeau [13a]).
It is apparent fromFigure 1.3a that the size of the droplets formed from the cone jet

is dependent on the jet diameter 2RJ. The droplets initially produced therefore could
be expected to be approximately of the same size. This was proposed byCloupeau [13]
and confirmed by studies of Tang andGomez [14]. The formed droplets are positively
charged because of an excess of positive electrolyte ions at the surface of the cone and
the cone jet. Thus, if the major electrolyte present in the solution is ammonium
acetate, the excess positive ions at the surface will be NH4

þ ions. This mode of
charging, which depends on the positive and negative ions drifting in opposite
directions under the influence of the electric field, has been called the electrophoretic
mechanism [13b,c].
The charged droplets drift downfield through the air toward the opposing

electrode. Solvent evaporation at constant charge leads to droplet shrinkage and an
increase in the repulsion between the charges. At a given radius, the increasing
repulsion overcomes the surface tension at the droplet surface. This causes a
coulomb fission (also called a coulomb explosion) of the droplet. The droplet fission
occurs via formation of a cone and a cone jet that splits into a number of small
progeny droplets. This process bears a close resemblance to the cone jet formation
at the capillary tip (see de la Mora [12] and references therein). Further evaporation
of the parent droplet leads to repeated fissions. The progeny droplets also evaporate

2RD

Λ

2RJ

(a) (b) (c)

Figure 1.3 Different forms of Electrospray at the tip of the spray
capillary. (a) cone jet mode. Relationship between radius of
droplets and radius of jet: RD/RJ� 1.9. (b) and (c).Multijetmodes
result as the spray voltage is increased, and the flow rate imposed
by the syringe is high. (After Cloupeau, Ref. [13].)
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and breakup. Very small charged droplets result that ultimately lead to gas-phase ions
by processes which will be described in detail in subsequent sections.
The cone-jet mode at the spray capillary tip described and illustrated in Figures 1.1

and 1.3a is only one of the many possible ES modes. For a qualitative description
of this and other modes, see Cloupeau [13a–c]. More recent studies by Vertes
and coworkers [15] using fast time-lapse imaging of the Taylor cone provide details
on the evolution of the Taylor cone into a cone jet and pulsations of the jet. These
pulsations lead to spray current oscillations. The current oscillations are easy to
determine with conventional equipment and can be used as a guide for finding
conditions that stabilize the jet and improve signal-to-noise ratios of themass spectra.
The cone-jet mode is the most used and best characterized mode in the electrospray
literature [12, 13].
The magnitude of currents obtained with ES (see Figure 1.1) in the cone jet mode

at a typical flow rate of 6mL/min are around 0.1mA. Only a fraction of this current
will enter the first chamber after passage through the heated capillary and skimmer
(see Figures 1.1 and 1.2). A charge loss by a factor of 100would reduce the ion current
to 10�9 A; fortunately, modern current detection technology employing ion-electron
multipliers allows the detection of much lower currents typically in the range of
10�12� 10�16 A.

1.2.3
Electrospray as an Electrolytic Cell

At a steady operation of the electrospray in the positive ionmode (see Figure 1.1), the
positive droplet emission continuously carries off positive charge. The requirement
for charge balance together with the fact that only electrons can flow through the
metal wire that supplies the electric potential to the electrodes (Figure 1.1) leads to the
conclusion that the ES processmust include an electrochemical conversion of ions to
electrons. In other words, the ES device can be viewed as a special type of electrolytic
cell [16]. It is special because the ion transport does not occur through uninterrupted
solution, as is normally the case in electrolysis, but through the gas phase. Thus, in
the positive ion mode where the charge carriers are positively charged droplets (and
subsequently gas-phase positive ions) a conventional electrochemical oxidation
reaction should be occurring at the positive electrode, that is at the liquid/metal
interface of the spray capillary (Figure 1.1). This reaction replenishes positive ions
to the solution and prevents the build-up of a charge imbalance. Concurrently,
gas-phase ions are reduced when they hit a downstream metal surface. The nature
of these ions depends on the experimental conditions. If the spray capillary is made
of metal (M), the metal can become oxidized and enter the solution as cations,
while releasing electrons to the metal electrode, see Eq. (1.2).

MðsÞ!M2þ ðaqÞþ 2e ðon metal surfaceÞ ð1:2Þ
4OH�ðaqÞ!O2ðgÞþ 2H2Oþ 4e ðon metal surfaceÞ ð1:3Þ

The other alternatives for restoring the charge balance are the removal of negative
ions present in the solution by an oxidation reaction as illustrated in Eq. (1.3)
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(for aqueous solutions) or oxidation of sacrificial additives such as I� or hydroqui-
none [17, 18].
One expects that the reactionwith the lowest oxidation potential will dominate, and

that the oxidation reaction will be dependent on the material present in the metal
electrode, the solutes/ions present in the solution, and the nature of the solvent.
Proof of the occurrence of an electrochemical oxidation at the metal capillary was
provided by Blades et al. [16].When a Zn spray capillary tip was used, release of Zn2þ

to the solution could be detected. Furthermore, the amount of Zn2þ release to the
solution per unit timewhen converted to coulomb charge per secondwas found to be
equal to the measured electrospray current (I) in amperes (coulomb/s, Figure 1.1).
Similar results were observedwith stainless steel capillaries [16]. Thesewere found to
release Fe2þ to the solution. These quantitative results provided the strongest
evidence for the electrolysis mechanism. These oxidation reactions introduce ions
which were not previously present in the solution (see Eq. (1.2)). However, they also
provide an opportunity to generate reactive intermediates that can be studied bymass
spectrometry.
VanBerkel and coworkers have examined the consequences of the electrochemical

processes to ESI-MS in a series of publications [17]. They were able to demonstrate
that ions produced by the electrolysis process can in some cases have unintended
and undesired effects on the mass spectra obtained with pH- or oxidation-sensitive
analytes [17].
Ions introduced into the solution by inadvertent or deliberate electrolysis amount

to very low concentrations. Taking the Zn capillary tip as example, a solution
of 10�5M NaCl in methanol at a flow rate Vf¼ 20mLmin�1 was found to lead to
an electrospray current of 1.6� 10�7 A. The Zn2þ concentration produced by the
Zn-tipped capillary evaluated from the current was 2.2� 10�6M. Assuming that the
Naþ ion was the analyte ion, the concentration of the ions produced by the oxidation
at the electrode is only �1/5 of that of the analyte. It will be shown later that the
electrospray current increases very slowly with the total electrolyte concentration.
Therefore, ions produced by oxidation at the electrodemay not be noticed in themass
spectrum at higher analyte or additive concentrations.

1.2.4
Required Electrical Potentials for ES. Electrical Gas Discharges

D.P.H. Smith [19] was able to derive a useful approximation for the electricfield at the
capillary tip (Eon) required for the onset of instability of a static Taylor cone, see
Eq. (1.4). Instability of the Taylor cone is required for the formation of a jet at the apex
of the cone. The equation for the onset field, when combined with Eq. (1.1), leads to
an equation (for the potential, Von, required for the start of electrospray;

Eon � 2gcos q
eorc

� �1=2

ð1:4Þ

Von � rcg cos q
2eo

� �1=2

lnð4d=rcÞ ð1:5Þ
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where g is the surface tension of the solvent, eo is the permittivity of vacuum, rc is the
radius of the capillary, and q is the half angle for the Taylor cone. Substituting the
values eo¼ 8.8� 10�12 J�1 C2 and q¼ 49.3 (see Taylor [11]), one obtains

Von ¼ 2� 105ðgrcÞ1=2lnð4d=rcÞ ð1:6Þ
where g must be substituted in N/m and rc in m to obtain Von in volts. Shown in
Table 1.1 are the surface tension values for four solvents and the calculated electro-
spray onset potentials for rc¼ 0.1mmand d¼ 40mm.The surface of the solvent with
the highest surface tension (H2O) is the most difficult to stretch into a cone and jet,
and this leads to the highest value for the onset potential Von. As a result, use of neat
water as solvent can lead to the initiation of an electric discharge from the spray
capillary tip.
Experimental verification of Eqs. (1.5) and (1.6) has been provided by Smith [19],

Ikonomou et al. [20] and Wampler et al. [21] For stable ES operation one needs to go
a fewhundred volts higher than the calculatedVon. The electrospray onset potential is
the same for both the positive and negative ion modes, but the electric discharge
onset is lower when the capillary electrode is negative [19, 20] and metallic. This is
probably due to emission of electrons from the negative capillary, which initiate the
discharge. Use of glass capillaries reduces the risk of electric discharge. In this case
the electric potential is applied via an internal metal wire or external metal coating in
contact with the solution (see Figure 1.2b). Neat water as solvent can be usedwith this
�nanospray� arrangement without the occurrence of electric discharges.
The occurrence of electric discharge leads to a sudden increase in the ion current

together with a visible glow around the spray capillary [22]. Currents above 10�6 A are
generally due to the presence of an electric discharge. Amore specific test is provided
by the appearance of discharge-characteristic ions in themass spectrum. Thus, in the
positive ion mode the appearance of protonated solvent clusters such as
H3O

þ (H2O)n from water or CH3OH2
þ (CH3OH)n from methanol solvent

indicates the presence of a discharge [20]. In the absence of an electrical discharge,
protonated solvent ions are only produced at high abundance when the solvent has
been acidified, that is when H3O

þ or CH3OH2
þ are present in the solution.

The presence of an electrical discharge severely degrades the performance of ESMS.
The electrospray ions are observed at much lower intensities than was the case
prior to the discharge, while discharge-generated ions appear with very high
intensities [20, 21].
Air at atmospheric pressure is not only a convenient but also a very suitable

ambient gas for ES, particularly when solvents with high surface tension are to be

Table 1.1 Onset voltagesa, Von for ESI of solvents with different surface tension g .

Solvent CH3OH CH3CN (CH3)2SO H2O

g (Nm�1) 0.0226 0.030 0.043 0.073
Von (Volt) 2200 2500 3000 4000

aCalculated with Eq. (1.6).
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electrosprayed. Initiation of gas discharges occurswhen free electrons are accelerated
by the high electric field near the capillary to velocities where they can ionize the gas
molecules. At near atmospheric pressures, the collision frequency of the electrons
with the gas molecules is very high, limiting the electron acceleration process
and minimizing the initiation of an electric discharge. In addition to the pressure
effect, oxygen molecules in air have electron affinity and readily capture free
electrons. Trace gases such as SF6, with higher electron affinity and electron capture
cross sections than O2, can be added to assist the electron capture and suppress
the electrical breakdown at higher electrospray voltages, when the atmospheric
oxygen effect is insufficient [21].

1.2.5
Current, Charge and Radius of Droplets Produced at the Capillary Tip

Fernandez de la Mora and Locertales [23] have proposed the following approximate
relationships that correlate the current, droplet size and charge on the generated
droplets. Assuming a flow rate below 1mLmin�1 and operation of electrospray in the
cone jet mode,

I ¼ f
e
eo

� �
gKVf

e
eo

� �1=2

ð1:7Þ

R � ðVf e=KÞ1=3 ð1:8Þ
q � 0:7½8pðeogR3Þ1=2� ð1:9Þ

where g is the surface tension of solvent; e the permittivity of solvent; eo the
permittivity of vacuum (free space); the e/eo ratio the dielectric constant of solvent;
K the conductivity of solution; E the applied electric field at capillary tip (see Eq. (1.2));
R the radius of droplets produced at capillary tip; q the charge of droplets and Vf the
flow rate (volume/time); f (e/eo) is a numerical function tabulated by the authors [23].
For liquids with a dielectric constant (e/e0)� 40 (water, water/methanol mixtures,
acetonitrile, formamide) the value of f(e/eo) is approximately 18. The described
relationships were obtained for solutions with a conductivity larger than 10�4 Sm�1.
Assuming electrolytes that dissociate completely, this requirement corresponds to
solutions with concentrations higher than �10�5mol L�1, that is a concentration
range commonly present in ESMS. A more recent theoretical treatment by Cher-
ney [24] has confirmed thedeductions of Fernandezde laMora andLocertales andhas
provided a more detailed description of the conditions existing in the cone jet. The
derived relationships are also in agreement with experimental data by Chen and
Pui [25].

1.2.6
Solvent Evaporation from Charged Droplets Causes Coulomb Fissions of Droplets

The charged droplets produced by the spray needle shrink due to solvent evaporation
while the charge remains constant. As the droplet gets smaller, the repulsion between

10j 1 A Brief Overview of the Mechanisms Involved in Electrospray Mass Spectrometry



the charges at the surface increases and at a certain droplet radius the repulsion of
the charges overcomes the cohesive force of the surface tension. This instability
results in fission of the droplet, at which point the droplet typically releases a jet of
small, highly charged, progeny droplets. The condition for the instability is given by
the Rayleigh [26] equation;

QRy ¼ 8pðe0gR3Þ1=2 ð1:10Þ
whereQRy is the charge on the droplet; g is the surface tension of the solvent;R is the
radius of the droplet and eo is the electrical permittivity. The fission at or near the
Rayleigh limit, with release of a jet of small monodisperse charged progeny droplets,
has been confirmed by a number of experiments.
Most experiments used Phase Doppler Interferometry (PDI), amethodwell suited

for volatile solvents as used in ESI-MS [27]. A series of PDI measurements using
various solvents are given in Table 1.2. One can deduce from this table that the
dependence on the type of solvent is relatively small. Thus, droplets from all solvents
experience Coulomb fissions close to, or at, the Rayleigh limit. The loss of mass on
fission is between 2 and 5% of the parent droplet mass but the loss of charge is much
larger, that is, some 15–25% of the charge of the parent droplet.
Beauchamp and coworkers [28] provide information on the charge of the parent

droplet immediately after the droplet fission. An example of such data is given in
Figure 1.4, where the charge of the droplets before and after the fission is given
as a percentage of the Rayleigh condition, Eq. (1.10). These, and results for the other
solvents studied [28], show that the evaporating charged droplets oscillate at all times
between fairly narrow limits of the Rayleigh condition. This finding has a bearing on
the discussion of the mechanism by which large molecules enter the gas phase
(see the Charged Residue Mechanism in Section 1.2.10). Notable also, see
Figure 1.4a, is the observation that the diameter of the charged parent droplet
undergoing evaporation and Coulomb fissions remains very close to the diameter of
an uncharged droplet that loses mass solely because of evaporation. This result
supports the observations of a series of authors (see Table 1.2 and Refs. [26, 29–31]).
When the sprayed solution contains a solute, such as a salt, the continuous

evaporation of the droplets will lead to very high concentrations of the salt and
finally to charged solid particles – �skeletons� of the charged droplets that can
reveal some aspects of the droplet evolution. Fernandez de laMora and coworkers [32]
have used this approach to study charged droplet evolution. This work is of special
relevance to the ion evaporation model and is discussed in Section 1.2.8.

1.2.7
Evaporation of Droplets Leading to Coulomb Fissions Producing Progeny Droplets that
Ultimately Lead to Ions in the Gas-Phase; Effects of the Concurrent Large Concentration
Increase

It is clear that the process of repeated droplet fissions of both parent and progeny
droplets ultimately will lead to very small charged droplets that are the precursors of
the gas-phase ions. Themechanisms by which the gas-phase ions are produced from
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the very small �final� droplets is considered in Sections 1.2.8 and 1.2.10. Here we
examine some of the details of the evolution of the initial droplets formed at the spray
capillary. The whole process is driven by the decrease in droplet volume by solvent
evaporation. The continuous evaporation is possible because the thermal energy
required for the evaporation is provided by the ambient gas at near atmospheric
pressure. As will be shown below, a large loss of solvent by evaporation occurs before
the final droplets are formed that lead to ions. It is instructive and for certain
applications desirable to estimate the increase in solute concentration due to the
volume lost by evaporation.
A droplet evolution scheme is shown in Figure 1.5. It deals with droplets produced

by nanoelectrospray. Nanospray (see Section 1.2.4) is a technique that considerably
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Figure 1.4 Evaporation and discharge of a
positively charged water droplet in nitrogen
gas at ambient pressure and 317K and
a weak (51 V cm�1) electric field. (a) Variation
of droplet diameter with time. Also plotted
(smooth curve) is the predicted change in
diameter due to evaporation of a neutral
water droplet in a vapor-free N2 gas at 317 K.
(b) Variation of droplet charge with time,

represented as number of elementary charges
and as percent of the Rayleigh limit. Arrows
indicate discharge events. Note that water
droplets undergo a Coulomb fission at
approximately 90% of the Rayleigh limit and are
at approximately 65% of the limit after the
Coulomb fission. (Reprinted from Ref. [28a] with
permission from the American Chemical
Society.)
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reduces the droplet diameter by performing electrospray using a glass capillary.
Because the charged droplets are very much smaller than the droplets produced by
electrospray, these droplets reach the final droplet stage much sooner.
In deriving Figure 1.5, the used stability limits for droplet fission (at droplet charge

Z¼ 0.9 ZR) and droplet charge just after the droplet fission (Z¼ 0.7 ZR) were due to
Beauchamp and coworkers [28a]. Further assumptions with which Figure 1.5 was
obtained are described in the section �Calculations and Experimental� of Peschke
et al. [33]. Using the droplet radii, one can calculate that approximately 40% of the
volume is lost between each fission, while only 2–5% of the parent droplet mass is lost
in eachfission event. Thismeans that after 10 successivefissions of the parent droplet a
29-fold volume decrease will have taken place corresponding to a 29-fold solute
concentration increase in the parent droplet. Such very large increases in concentration
will promote the occurrence of undesired bimolecular reactions, like ion pairing,
involving analyte ions and impurities present in the solution, see Section 1.2.12.
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Figure 1.5 Droplet history of charged water
droplets produced by nanospray. First droplet
is one of the droplets produced at spray
needle. This parent droplet is followed over
three evaporation and fission events. The first
generation progeny droplets are shown aswell as
the fission of one of the progeny droplets that
leads to second-generation progeny droplets.
R is the radius of the droplets and Z gives the
number of charges on the droplet.Z corresponds
to the number of excess singly charged ions near
the surface of the droplet. The parent�s charge is

Z¼ 0.9 ZR just before the fission and Z¼ 0.7 ZR

just after the fission (as observed in Figure 1.4),
while the progeny droplets have Z¼ 0.7 ZR just
after the fission of the parent. (Based on
Figure 1.1 in Peschke, Verkerk and Kebarle [33].)
It should be noted that the droplets� history
presented in Figure 1.6 is only a qualitative
model. Thus, the assumption that only five
progeny droplets could be formed at each fission
is quite uncertain. The actual number could be
much larger and the progeny droplets much
smaller.
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1.2.8
Mechanism for the Formation of Gas-Phase Ions from Very Small and Highly Charged
Droplets. The Ion Evaporation Model (IEM)

Twomechanisms have been proposed to account for the formation of gas-phase ions
from the final droplets. The first mechanism was proposed by Dole [4], who was
interested in analytes of very high molecular mass (see introduction). For such
macromolecules, droplet evolution as described in the preceding section would
lead to somedroplets containing one analytemolecule in addition to the ionic charges
on the surface of the droplet. Solvent evaporation from such a droplet will lead to
a gas-phase analyte ion whose charge originates from the charge at the surface of the
vanished droplet. This assumption is now known as the Charged Residue Model
(CRM) and is discussed in detail in Section 1.2.10.
Iribarne andThomson [34], whoworkedwith small ionic analytes such asNaþ and

Cl�, proposed a second mechanism, the Ion Evaporation Model (IEM). This model
predicts that, after the radii of the droplets have decreased to a very small size
(�10 nm), direct ion emission from the droplets will occur. At this point, the ion
evaporation process replaces Coulomb fission. Iribarne and Thomson supported
their model by experimental [34a] and theoretical [34b] results. The experimental
results involvedmeasurements of the relative abundance of the ions produced by ESI
of solutions containing NaCl as the only solute. The authors found that there was a
large number of ion aggregates of the type [(NaCl)n(Na)m]

mþ , including
[(NaCl)n(Na)]

þ , whose abundance decreased rapidly as n increased. However, the
ion with lowest mass in that series, Naþ , (n¼ 0, m¼ 1), and hydrated Na(H2O)k

þ

(k¼ 1–3) had the highest abundances by far.While the large aggregate ions produced
by ESI are probably due to a charged residue mechanism type process, the abundant
Naþ and Naþ hydrates must be produced by a different mechanism. Iribarne
and Thomson proposed a direct escape of Naþ charges from the surface of the
multiply charged droplets. This process begins to occur after the droplets reach a very
small size. Once ion evaporation sets in, there are no more droplet fissions because
the excess charges on the droplets are removed by ion evaporation.
The authors also developed theoretical equations for the droplet conditions that

will lead to ion evaporation based on Transition State Theory as used in reaction
kinetics [34b]. Assuming that the evaporating ion is one of the ionic charges at
the surface of the droplet, the leaving ion is repelled by the Coulomb repulsion
between it and the remaining charges on the droplet at increasing charge separation.
But at very short distances from the droplet an attractive force between the leaving
ion and the droplet is present as a result of the polarization of the droplet induced
by the leaving ion. The ion-polarizability attraction is larger at very short distances
from the droplet surface, while the repulsion becomes dominant at larger distances.
The transition state is located where these two interactions become equal.
The graphs in Figure 1.6 show the predicted radius at which droplet fission at the
Rayleigh limit is replaced by ion evaporation. It indicates that the charged droplets
must reach a radius of approximately 100A

	
(10 nm) before ion evaporation replaces

droplet fission.
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Several research groups have performed experiments to examine the predictions
of the theory. Some of the most relevant work is due to Fernandez de la Mora and
coworkers [32], who used an interesting approach to provide strong evidence for the
qualitative validity of the ion evaporationmechanism. Instead of concentrating on the
evaporating droplets, they focused on the sizes and charges of the solid residues
formed after complete evaporation of the solvent from the droplets. Since the solid
residues had been �charged droplets� before the last of the solvent evaporated, the size
and charge of these residues should represent to a fair approximation the sizes and
charges of the final charged droplets. The solid residues representing final droplets
frozen in time are amenable to measurement. This approach provided results that
were in good agreement with IEM [32].
Theoretical work involving simulations of ion evaporation from charged droplets

can also provide valuable insights into IEM. A good example is the work by Vertes
and coworkers [35] on the evaporation of H3O

þ ions from charged water droplets.
The authors used classical molecular dynamics simulations to study droplets of 6.5
nm diameter. Checks were made that the parameters used led to predictions of
properties (such as the radial distribution function, the enthalpy of evaporation and
the self diffusion coefficients) that are in agreement with experimental values.

0 50 100 150 200

R(10-10 m)

400

0

200

100

300

N

= R(Rayleigh)

= R(Anion Cluster)

= R(Cation Cluster)

Figure 1.6 Predictions of the ion evaporation
theory [34]. The Rayleigh curve provides the
droplet radius R and the number of elementary
charges N at which a charged water droplet will
be at the Rayleigh limit. Solvent evaporation at
constant charge to a smaller radius Rwill cause a
Coulomb fission. Similarly, the curves Cation
Cluster and Anion Cluster show the threshold of
ion evaporation at a given charge N and droplet
radius R. For negatively charged droplets,

moving at constant charge to a smaller radius R
due to solvent evaporation will lead to negative
ion evaporation when the radius R¼ 140A

	
,

(1 nm¼ 10 A
	
) and for positively charged

droplets at R¼ 84 A
	
, where the ion evaporation

(Cation Cluster) and Rayleigh curves cross.
Below this radius, ion evaporation replaces
Coulomb fission. Thus, taking a radius of
R� 100A

	
provides a useful benchmark for the

region where ion evaporation takes over.
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Droplets of 6.5 nm diameter, which consist of some 4000 water molecules, were
charged with H3O

þ ions; ion pairs corresponding to a dissolved solute were not
added. Remarkably, not all H3O

þ ions were located on the surface of the droplet at
equilibrium as is generally assumed for IEM. As H3O

þ charges were added,
fluctuations of water molecules at the droplet surface became much more pro-
nounced. Some of these fluctuations developed into large protuberances that
separated as hydrated H3O

þ ions. Generally the �solvation shell� of the departing
H3O

þ consisted of some 10 water molecules. Interested readers can observe the
simulation of such ion evaporation at thewebsite of Vertes (see http://www.gwu.edu/
�vertes/publicat.html).
In summary, the Ion EvaporationModel is experimentally well supported for small

ions of the kind that one encounters in inorganic and organic chemistry. However,
when the ions become very large, such as polymers, dendrimers or biological
supramolecular complexes like proteins and enzymes, the Charged Residue Model
(CRM) becomes much more plausible, see Section 1.2.10. Because many applica-
tions of ESMS in analytical organometallic and physical organic chemistry involve
small ions it is desirable to consider the expected relative sensitivities for these
analytes when detected with ESMS.

1.2.9
Observed Relative Ion Intensity of Small Analytes. Dependence on the Nature of
the Analyte, its Concentration and Presence of Other Electrolytes in the Solution.
High Sensitivities of Surface-Active Analytes

The dependence of the sensitivities of ionic analytes on the nature of the analyte,
its concentration, and the presence of other electrolytes in solution is of interest to
users of electrospray mass spectrometry. The analytes considered in this section
are smaller molecules that most likely enter the gas phase via the Ion Evaporation
Model (IEM).
The dependence of the total droplet current produced at the spray capillary on

various parameters was given in Eq. (1.7). Relevant to the present discussion is the
dependence of the current (I ) on the square root of the conductivity of
the solution. At the low total electrolyte concentrations generally used in ESI,
the conductivity is proportional to the concentration of the electrolyte. Thus, if a
single electrolyte (E) was present in the sprayed solution, one would expect that the
observed peak intensity IE will increase with the square root of the concentration
of that electrolyte (CE, see Eq. (1.7)). At flow rates higher than that corresponding
to the cone jet mode, the dependence on the concentration is lower than the 0.5
power [36]. Because ESI-MS is a very sensitive method, so that detection of
electrolytes down to 10�8M is easily feasible, one seldom works in practice with a
single electrolyte system. The presence of electrolyte ions E leads to two concen-
tration regimes for the analyte A:

(a)CAmuchhigher thanCE. In that case, the IA is expected to increasewith the square
root (or slower) of CA.
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(b)CAmuch lower thanCE. In that case, IA is expected to increase with the first power
ofCA because now IAwill depend on a statistical competition between Aþ and Eþ

for being charges on the droplet surface.

To cover both regions, Tang and Kebarle [36] proposed Eq. (1.11a) for a two-
component system in the positive ionmode. Equation (1.11a) predicts thatwhenCE is
much higher than CA and constant, the observed ion current IA will be proportional
to CA:

Two components; IAþ ¼ pf
kACA

kACA þ kECE
I ð1:11aÞ

Three components; IAþ ¼ pf
kACA

kACA þ kBCB þ kECE
I ð1:11bÞ

ForCA ¼ CE; IA ¼ const� CA const ¼ kAIE=kECE ð1:11cÞ

Equation (1.11b) is for three components Aþ , Bþ , and Eþ with solution concentra-
tionsCA,CB, andCE; I is the total electrospray current leaving the spray capillary (I can
easily be measured, see Figure 1.1) and p and f are proportionally constants (see
Ref. [36]). The sensitivity coefficients for Aþ , Bþ and Eþ are kA, kB, and kE and depend
on the specific chemical ability of the respective ion species to become part of the
charge on the surface of the droplet and subsequently enter the gas phase. In the
regime where CA
CE, Eq. (1.11a) reduces to Eq. (1.11c).
The experimental results [36] shown in Figure 1.7 give an example of a two-

component systemwhere the protonatedmorphine (MorHþ ) is the analyteA, used at
different concentrations, and the impurity ions NH4

þ and Naþ , present at constant
concentrations, are the electrolyte, E. The observed linear region of MorHþ in the
log–log plot used has a slope of unity at low concentrations (10�8� 10�5M), which
means that the MorHþ ion is proportional to the morphine concentration. This
region is suitable for quantitative determinations of analytes. At about 10�5M the
increase in the MorHþ intensity slows down because the MorHþ concentration
used comes close to that of the impurity electrolytes. Above that region, where
MorHþ becomes the major electrolyte, the peak intensity of MorHþ can increase
only in proportion to the square root (or even a lower power) of the electrolyte
concentration.
Experimental examination of a three-component system of two analytes (A and B)

and the impurity (E) in order to determine the relative sensitivities kA and kB leads to
an unexpected result (see Figure 1.8). In this experiment the concentrations of the
two analytes tetrabutylammonium and cocaine (upper figure) or tetrabutylammo-
nium and codeine (lower figure) are increased together such that CA¼CB. The
concentration (CE) of the impurity is constant. It is easily shownusing Eq. (1.11b) that
when CA¼CB and CE is much larger than CA and CB, the relationship IA/IB¼ kA/kB
holds. In the log–log plot used, the difference, log IA� log IB should correspond to the
difference log kA� log kB¼ log(kA/kB) and should be constant and in general not
equal to zero.However, this is not the case (see Figure 1.8). The difference is constant
only at high CA¼CB concentrations and becomes zero at low concentrations.
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The tendency of kA/kE to approach unity at lowCA andCB indicates [36] that there is
a depletion of the ion that has the higher sensitivity k. This is the tetrabutylammonium
ion (A) in the present example. At CA¼CB
CE� 10�5M, the current I, the total
charge Q of the droplets, and the number of charged droplets are maintained
by the presence of the electrolyte E, whose concentration is much higher. Under
these conditions, species like Aþ and Bþ with large coefficients kA and kB find plenty
of droplet surface to go to, and the ions evaporate rapidly even when present at
very low concentrations. This results in a depletion of their concentration. The ion A
of higher sensitivity is depleted more than B, and this leads to an apparent finding
kA¼ kB.
Experimental determination of the coefficient ratios kA/kB were performed [36] by

working at high concentrations CA/CB for a number of analytes in methanol. Under
these conditions Eq. (1.11c) holds. It was found that the singly charged inorganic
ions, Naþ , Kþ , Rbþ , Csþ , and NH4

þ had low sensitivity coefficients, while analyte
ions which were expected to be enriched on the droplet surface, that is, which were
surface active, hadhigh coefficients that increasedwith the surface activity of the ions.
Thus, assuming that kCs¼ 1, the relative values kA for the ions were: Csþ � 1;
Et4N

þ ¼ 3; Pr4N
þ ¼ 5; Bu4N

þ ¼ 9; Pen4N
þ ¼ 16; HepNH3

þ ¼ 8 (Et is ethyl,
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Figure 1.7 (a) Total electrospray current
(ampere) with increasing concentration
of analyte morphine hydrochloride. Because
of the presence of impurity ions (Naþ and
NH4

þ ) at 10�5M, Itotal remains constant
up to the point where the analyte reaches
concentrations above 10�5M. (b) Analyte
MorHþ ion intensity (corrected for
mass-dependent ion transmission, Tm, of

quadrupole mass spectrometer used) is
proportional to concentration of morphine
hydrochloride up to the point where the
morphine hydrochloride concentration
approaches the concentration of impurity ions.
Above that concentration, analyte ion increases
much more slowly. (Reprinted from Ref. [36]
with permission from the American Chemical
Society.)
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Pr is n-propyl, Bu is n-butyl, Pen is n-pentyl, Hep is n-heptyl) see Table 1.1 in Tang,
Kebarle [36]. The tetraalkyl ammonium salts and alkylammonium salts are known
surfactants. It is notable that they can be used also as mass calibrants under
nonaqueous, anaerobic conditions [37].
Assuming that IEMholds, ions from the droplet surface will leave the droplets and

become gas-phase ions. In this case, the gas-phase ion sensitivity coefficient, kA for
ions Aþ will depend on the relative surface population of the droplet surface, that is,
on the surface activity of ions Aþ given by a surface activity equilibrium constant KSA

and on the rate constant for ion evaporation. The rate constant for ion evaporation is
also expected to increase with the surface activity of the ion, because surface active
ions have low solvation energies (see Section 1.2.8). A third effect can also be
expected. The droplets that lead to ion evaporation will, in general, be first, second or
third generation progeny droplets, see Figure 1.5. Because the progeny droplets have
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Figure 1.8 Ion intensities (corrected for mass-dependent ion
transmission, Tm, of quadrupole mass spectrometer used) for
pairs of analytes at equal concentration in solution. The different
ESI sensitivities of the analytes are observable only at high analyte
concentrations (above 10�5M). (Reprinted from Ref. [36] with
permission from the American Chemical Society.)
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higher surface-to-volume ratios relative to the parent droplets, a large enrichment of
the surface active ions is expected for the progeny droplets.
More recent work by Enke [38a], starting from somewhat different premises, led to

further advances in predicting and understanding relative ion intensities. Instead of
working with the ion currents I, IA, a conversion tomole charge/liter was used. Thus
the role of the total ion current I was replaced with the molar concentration of the
ionic charges [Q ]. This can be done on the basis of Eq. (1.12);

½Q� ¼ I=FG ð1:12Þ
where [Q ] is the mol L�1 electron charges; I the total droplet current (TDC see
Figure 1.1) in ampere (coulomb s�1); F is Faraday�s constant (96 485 coulomb) and G
is the flow rate in L s�1 through the spray capillary. The same type of relationship is
also used in the conversion of the analyte currents IA, IB and so on into molar
concentrations of charges on the droplets due to the given ion species. Thus, [Aþ ]S
is the molar concentration of charges on the surface of droplets due to Aþ species.
The analyte Aþ was assumed to distribute itself between the interiors of the droplets
with a concentration [Aþ ]I and as charge at the surface of the droplets [A

þ ]S. It should
be noted that while [Aþ ]I inmol L�1 is straightforward, [Aþ ]S asmol L�1 at the surface
is not because expressing the surface as volume is unconventional. However, one
could imagine that the ions (charges) at the surface are still interacting with a thin
layer of solution below the surface, and this corresponds to a volume.
An equilibrium between [Aþ ]S and [Aþ ]I was assumed. The other electrolytes (E)

were treated in the same way. Introduction of equations of charge balance and mass
balance for each electrolyte led to an equation which predicts values for [Aþ ]S, [E

þ ]S
on the basis of the parameters [Q ], which is known (see Eq. (1.12)), the constants KA,
KE and the concentrationsCA,CE. The assumption wasmade that [Aþ ]S, [E

þ ]S will be
converted to gas-phase ions and are therefore proportional with the same propor-
tionality constant, pf (see Eq. (1.11)) to the ion currents IA,IE. The equation of [Aþ ]S,
[Eþ ]S is of the same form as Eq. (1.11) in the high concentration range, but not in the
low concentration range. By taking into account, via mass balance, the depletion of
the concentration CA, CE of the analytes with high coeffients kA¼KA, kE¼KE, the
equation of Enke provides an excellent fit of the ion abundance curves, such as shown
in Figure 1.8, over the full concentration range, preserving a constant kA/kE ratio.
Further development by Enke and coworkers has led to amost successful formalism.
For other work by Enke and coworkers, dealing with the ESI mechanism and
consequences for analytical work with ESI, see Ref. [38].
The preceding discussion deals with analytes that are charged, that is, ions in the

solution used. When the analyte is not an ion in solution, charging of the analyte by
ions that are present at the surface of the droplet can occur. It should be noted that at
the surface the regime is very different from that in the bulk of the solvent. Suppose
that the solution sprayed contains ammonium acetate (NH4Ac) as additive and an
organic analyte that has an unprotonated basic functional group because the basicity
of that group is lower in solution than the basicity of NH3. The ions at the surface of
the droplets will beNH4

þ . Droplets that through evaporation andfissionhave reached
the size where ion evaporation becomes possible could emit not only NH4

þ but also
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protonated analytes because the basic group of the analyte might have a higher gas-
phase basicity than that of NH3. When the analyte is at the surface, the regime is gas-
phase like and gas-phase basicites will count. There are large differences between
solution and gas-phase basicities. For values of somegas-phase basicities, see Table 1.3.
In the gas phase, in the absence of charge stabilizing solvent, basicities can increase
with the size of the compound through dispersal of the charge in the analyte. This is
the case for organic analytes where stabilization of the charge by charge dispersal can
occur.
The discussion above also illustrates that under certain conditions, ESI may be

�blind� for analytes with low gas-phase basicity. This will be particularly the case
when solutes other than the analyte are present at relatively high concentrations
and have a higher gas-phase basicity than the analyte. In this case suitable charged
groups will have to be introduced on the analyte (see for example Ref. [39]).

1.2.10
Large Analyte Ions such as Dendrimers and Proteins are Most Probably Produced by the
Charged Residue Model (CRM)

Although the first experiments of Dole used polystyrene, subsequent experiments
by Fenn shifted attention to proteins and protein complexes that routinely can be
produced in the gas phase by ESI. As a result, mechanistic studies have focused on
these systems although other large synthetic supramolecular systems and polymers
are expected to be transferred to the gas phase following the samemechanisticmodel.
In the absence of sufficient data on synthetic macromolecular systems, subsequent
sections will discuss mechanistic insights obtained using native proteins.
Native proteins are expected to remain folded when sprayed from neutral

aqueous solutions. Under these conditions the folded (nondenatured) proteins lead
to mass spectra consisting of a compact series of peaks that correspond to the
molecular mass of the protein charged by a narrow range of Hþ ions when the
positive ion mode is used. Thus, a small protein-like lysozyme (molecular mass

Table 1.3 Some gas-phase basicities of bases B for reaction: BHþ ¼B þ Hþ .

Base GP(B)a (kcal/mol) Base GP(B)a (kcal/mol)

H2O 157.7 NH3 195.7
(H2O)2 181.2 CH3NH2 206.6
CH3OH 173.2 C2H5NH2 210.0
(CH3OH)2 196.3 (CH3)2NH 214.3
C2H5OH 178.0 n-(C3H7)NH2 211.5
(CH3)2O 179.0 N-Methyl acetamide 205.0
(C2H5)2O 182.7 Pyridine 214.8
CH3CN 191.0

aGP(B)¼Gas-Phase Basicity; GP(B)a¼DGo
298 All values from NIST Database,

http://webbook.nist.gov (Also used are Proton Affinities. They correspond to the DHo value for the
gas-phase reaction BHþ ¼B þ Hþ ).
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around 15 000 daltons) is observed to lead to three peaks due to three different
charge states with Z¼ 8, 9 and 10. Obviously it is of special interest to understand
why gas-phase proteins are multiply charged. Is the charge observed related to the
protein charge in solution or are other factors involved which are due to the ESI
mechanism?
An early study by R. D. Smith and coworkers [40] provided good evidence that

proteins are produced via CRM. If CRM holds, one would expect that, when small
charged droplets evaporate, there could be one protein but alsomore than one protein
in such droplets, particularly so when high concentrations of the protein are used.
Therefore, mass spectra should show the monomers, as originally present in
solution, as well as multimers which are due to more than one protein being present
in some of the final droplets. The authors observed a preponderance of multiply
charged monomers and a rapidly decreasing series of low-intensity dimers, trimers,
and highermultimers [40]. All of these results are consistent with CRMand a droplet
evolution following a scheme of the type shown in Figure 1.5 [40].
In later work, Smith and coworkers [41a] found an interesting empirical corre-

lation between the molecular mass,M, and the average charge, Zav, see Eq. (1.13), of
starburst dendrimers. Starburst dendrimers aremultibranched alkylamine polymers
that have relatively rigid structures and are close to spherical, that is, with shapes
resembling those of globular proteins.

Zav ¼ aMb ð1:13Þ
Zav is the observed average charge andM themolecularmass of the dendrimer, while
a and b are constants. The value b¼ 0.53 led to the best fit. An identical relationship
was observed by Standing and coworkers [41b] for a large number of nondenatured
proteins; a value between 0.52 and 0.55 was reported for b.
Independently Fernandez de la Mora [42] was able to show that the empirical

relationship (Eq. (1.13)) holds and that this relationship can be derived on the basis of
the charged residue mechanism. The plot shown in Figure 1.9 is based on data from
the literature used by Fernandez de la Mora, but also includes the data of Standing
et al. [41b]
The derivation of Fernandez de laMora [42] was based on the following arguments.

There was theoretical evidence that the evaporating charged droplets (which in the
present context are assumed to contain one globular protein molecule) stay close to
the Rayleigh limit. This is also supported by more recent experimental results [28]
which involve charged evaporating water droplets of 5–35mm diameter, as well as
theoretical studies [43]. These show that the charge is approximately 95% of the
Rayleigh limit when the droplets experience a Coulomb fission and approximately
75% of the Rayleigh limit immediately after the Coulomb fission. Thus, the droplets
stay at all times within the limits of 95–75% of the Rayleigh limit, and both of these
values are close to the Rayleigh limit. Fernandez de la Mora [42] reasoned that
when the charged water droplet, containing one protein molecule, evaporates
completely, the charges on the droplet will be transferred to the protein. He assumed
also that the protein will be neutral when all the water is gone so that the charges on
the surface of the droplet become the charge of the protein observed in the ESI mass
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spectrum of the protein. Fernandez de la Mora further assumed that the nondena-
tured proteins have the same density j as water. Evidence in support of that
assumption, based on mobility measurements by Jarrold and Clemmer [44a,c] and
Hodgins [44b], is given in Section 1.2.2 of Fernandez de la Mora [42], so that the
radius R of any spherical protein can be evaluated based on the molecular mass,
without reference to the structure of the protein. The radius R of the protein is
evaluated with Eq. (1.14);

ð4=3pR3jÞNA ¼ M ð1:14Þ
where j is the density of the protein equal to that of water,NA is Avogadro�s number,
R the radius of the protein, and M the molecular mass of the protein.
The number of charges Z on the protein is taken to be the same as the number of

charges on a water droplet at the Rayleigh limit, with a radius equal to that of the
protein. The number of charges Z can be obtained by expressing the charge,
Q¼Z� e, substituting it in the Rayleigh equation (Eq. (1.10)), and using the
relationship between themolecularmassM and the radius of the droplet (Eq. (1.14)).
The result is given in Eq. (1.15a);

Z ¼ 4ðpge0=e2NAjÞ1=2 �M1=2 ð1:15aÞ

Z ¼ 0:078�M1=2 ð1:15bÞ
where Z is the number of charges of the protein, g the surface tension of water, eo
the electrical permittivity, e the electron charge, NA is Avogadro number, j the
density of water, and M the molecular mass of the protein. The constant 0.078
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Figure 1.9 Reproduction of a plot used by Fernandez de la
Mora [42] and extended to include also data by Standing
et al. [41b]. Zobs is the number of charges observed on proteins
produced by ESI-MS under nondenaturing conditions, . highest
charge, * lowest charge in mass spectrum (Fernandez de la
Mora [42]). ^ average Zobs (Standing et al. [41b]). Solid curve
corresponds to charge Z predicted by Eq. (1.14).

24j 1 A Brief Overview of the Mechanisms Involved in Electrospray Mass Spectrometry



in Eq. (1.15b) gives the number of charges on a protein of molecular mass M in
megadaltons.
The solid curve in Figure 1.9 gives the predicted charge based on Eq. (1.15a). Good

agreement with the experimental results is observed. Notable also is the predicted
exponent ofM which is 0.5, while the exponent deduced from the experimental data
[41a,b] is 0.53.
The agreement of Eq. (1.15) with the observed chargesZ can be considered as very

strong evidence that globular proteins and protein complexes are produced by the
charged residuemechanism.A recent compilationof data byHeckandcoworkers [45]
has shown that the square root dependence of the chargeZ onM (see Eq. (1.15a)) also
holds for protein complexes.
The experimental points in Figure 1.9 show considerable scatter and deviations

from the theoretical curve. This is most likely because of the measurements being
made in different laboratories or deviation from the assumed spherical form. Recent
work by Katashov and Mohimen [46] (see Figure 1.10, in which all experimental
points were obtained by the authors) and by Nesatyy and Suter [47] provide a very
good fit. Kaltashov andMohimen [46] have shown that in certain rare cases where the
shape of the protein deviates strongly from spherical, the charge is determined not by
the molecular mass but by the surface area of the protein. However, this finding [46]
was based on a single protein (see point with considerable deviation in Figure 1.10),
and the authors have not followed up with additional experiments.
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Figure 1.10 Plot of average charge of proteins
observed by Kaltashov and Mohimen [46] versus
molecular mass of protein. The solid line curve
gives average charge predicted by the Fernandez
de la Mora equation, Eq. (1.14). A very good fit is
observed except for one experimental point, for

ferritin with a mass� 510 kDa which has a
significantly higher charge Z. This protein is
approximately spherical but has a cavity that
increases its surface. (The Figure 1.10 plot was
kindly provided to the authors by Dr. Justin
Benesh.)
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Fernandez de la Mora [42] did not consider the actual chemical reactions by which
the charging of the protein occurs. These reactions will depend on what additives
were present in the solution. Thus, in the presence of 1%of acetic acid in the solution,
the charges at the surface of the droplets will be H3O

þ ions. Charging of the protein
will occur by proton transfer from H3O

þ to functional groups on the surface of the
protein that have a higher gas-phase basicity than H2O. The gas-phase basicities are
relevant because the solvent will essentially have disappeared. There are plenty
of functional groups on the protein that have gas-phase basicities that are higher than
that of H2O. These could be basic residues or amide groups of the peptide backbone
at the surface of the protein. Gas-phase basicities of several representative com-
pounds are given in Table 1.3.
In summary, the Charged Residue Mechanism has allowed quantitative predic-

tions of the protein charge state in the gas phase and is well supported for large
proteins of widely varying mass. It is likely that it will be important also for the
analysis of larger supramolecular and polymeric systems.

1.2.11
Nanospray and Insights into Fundamentals of Electro and Nanospray

Nanospray was developed byWilm andMann [48, 49]. Their primary interest was an
electrospray device that requires much smaller quantities of analyte. Such a device
would be particularly important in situations where only very small amounts of the
analyte are available. Most of the analyte is wasted using ESI. The large diameter
of the spray tip produces large droplets whose evolution to small droplets requires
the presence of a large distance between the spray tip and the sampling orifice or
capillary (see Figures 1.1 and 1.2a). As a result, only a small fraction of the generated
gas-phase ions enter the sampling orifice/capillary.
With nanospray, the spray tip has a much smaller diameter. Also, for the by far

most often used nonviscous solutions, the flow is not a forced flow due to a driven
syringe as used in ESI (see Figure 1.2a). Instead, the entrance end of the spray
capillary is left open and a �self-flow� results, which is due to the pull of the applied
electric field on the solution at the capillary tip (see Section 1.2.2). This self-flow is
controlled by the diameter of the tip of the spray capillary.
In their first effort [48], using what was essentially an electrospray source, Wilm

and Mann developed an equation for the radius of the zone at the tip of the Taylor
cone from which the charged droplets are ejected. This radius is related to the
resulting droplets� radii, see Figure 1.3a. It was found that the radius depends on
the 2/3 power of the flow rate. To minimize the radius of the zone, a modified
electrospray ion source with a smaller orifice was developed which led to a
�microspray� version of ESI. Further development [49] using capillary orifices as
small as 1–2mm diameter, led to nanospray. Such small orifices could be obtained
by pulling small diameter borosilicate capillaries with a microcapillary puller.
About 1mL of solvent is loaded directly into the wide entrance end of the capillary.
The droplets produced had a volume that was close to 1000 times smaller than the
volume of droplets obtained with conventional ESI. Such small droplets will
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evaporate very rapidly, so that the capillary tip can be placed very close to the
sampling orifice that leads to the mass spectrometer, thereby minimizing sample
loss and allowing efficient use of a large fraction of the solution subjected to MS
analysis. Therefore, even though the amount of analyte sample used is 10–100
times smaller than that used with ESI, the observed mass spectrum peak
intensities are equal if not larger than those in conventional ESI. Nanoelectrospray
has proven to be of enormous importance for the analysis of biochemical and
biopharmaceutical samples. So far, the use of nanoelectrospray in physical organic
or organometallic chemistry has not been reported and remains to be explored (see
Section 1.2.12.2).
Nanoelectrospray is also important to research on the fundamentals of electro-

spray and nanospray. Karas and coworkers [50–52] have been major contributors to
this research.
Experimentally it was found that the mass spectra of analytes showed much less

dependence on background electrolytes (such as sodium) when nanospray was used
for the electrostatic dispersion. Gas-phase ions are produced from charged droplets
only when the droplets are very small. This holds both for IEM and CRM. Therefore,
if one starts with relatively small initial droplets as generated with nanospray, much
less solvent evaporationwill be required to reach thefinal droplet size required for the
generation of gas-phase ions. Therefore, in the presence of impurities such as
sodium salts the concentration increase of the salt will be much smaller with
nanospray.
In an extension and expansion of the above work [50], Schmidt et al. [51] studied

the effect of different solution flow rates on the analyte signal. A series of analytes
was chosen that have decreasing surface activities. The authors found that the ion
abundance of the analyte with low surface activity was suppressed at higher �ESI-
like� flow rates, while at the lowest flow rates this suppression disappeared. At high
flow rates, the charged droplets emitted from the spray tip are much larger and
require extended evaporation and successive fission events before the final
droplets are reached. Droplet evaporation as well as each fission increase the
surface-to-volume ratio of the droplets. As a result, surface-active analytes will
preferentially enter the progeny droplets, leading to a high ion abundance for the
surface-active analytes. Considering nanospray and the corresponding low flow
rate, very small initial droplets will be obtained and the evolution to the final
droplet will be very short. In the extreme, there would be no such evolution and
this would lead to minimal discrimination against analytes that are not surface
active.
Another well-documentedwork byChernushevich, Bahr, andKaras [52] deals with

a disadvantage of nanospray relative to conventional electrospray. Using nanospray
some analytes were found to appear with delays of tens of minutes; a few analytes
were not detected at all. No such suppression was found with ESI. The effect was
found to be related to cation exchange on glass surfaces. Glass surfaces are known to
be negatively charged and are thus expected to retain positive ions. The surface ion-
exchange problem in nanospray could simply be avoided by using pure silica
capillaries.
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1.2.12
Consequences of the Increase in Concentration Caused by Extensive Evaporation of
Solvent in ESI Process. Promotion of Bimolecular Reactions Involving Analyte Ions

As discussed in Section 1.2.7, the formation of the final charged droplets that lead to
gas-phase ions is associatedwith a very large loss of solvent by evaporation. This leads
to a large increase in the concentration of the solutes present in the electrosprayed
solution. Such a large increase in concentration will promote bimolecular reactions,
and these will have an effect on the observed mass spectrum. We will consider two
examples. In thefirst example bimolecular reactions are shown to take place onnative
proteins, indicating various levels of protein surface gas-phase chemistry. In the
second example, a comparison of biochemical and physical organic applications of
ESMS to the determination of equilibrium constants indicates the limitations on
such measurements imposed by the electrospray mechanism.

1.2.12.1 Positive-Negative Ion-Pairing Reactions Involving Impurities such as Naþ

Sodium ions are a common impurity in solvents used for ESI. Analyte samples
(especially proteins) are often contaminated by sodium ions in the production
process, while sample solution storage in glass vessels also contributes to the sodium
contamination. The extensive evaporation of solvent in the ESI process promotes
solution ion-pairing reactions. When the analyte is a protein, ion-pairing reactions
will involve Naþ and the ionized acid residues of the protein, see Eq. (1.16a).
Similarly, impurity anions such as Cl� will ion pair with ionized basic residues of
the protein (see Eq. (1.16b)).

NHþ
3 --Protein--COO� þNaþ !NHþ

3 --Protein--COO�Naþ ð1:16aÞ
NHþ

3 --Protein--COO�Naþ þCl� !Cl�NHþ
3 --Protein--COO�Naþ ð1:16bÞ

The occurrence of these ion pairing reactions was demonstrated by Verkerk and
Kebarle [53]. In the collisional activation stage of the ESI-MS dissociation occurs
following Eq. (1.17):

Cl�NHþ
3 --Protein--COO�Naþ !H2N--Protein--COO

�Naþ þHCl ð1:17Þ
Thus the Naþ adduct remains while the Cl� pulls off a proton from the basic residue
of the protein. In general there are at least several acidic residues at the surface of
proteins and the addition of sodium to most of these leads to mass spectra that are
difficult to interpret. The authors [53] also demonstrated that one can prevent the
undesirable sodium addition by adding a millimolar concentration of ammonium
acetate to the solution. Because the concentration of ammonium acetate is much
higher than that of the impurity ions, ion pairing of NH4

þ with the acidic residue
CH3CH2CO2

� and ion pairing of CH3CO2
� with the basic residue occur as shown

below:

NHþ
3 --Protein--COO� þNHþ

4 !NHþ
3 Protein--COO�NHþ

4 ð1:18aÞ
NHþ

3 --Protein--COO�NHþ
4 þCH3CO

�
2 !CH3CO

�
2 NH

þ
3 �Protein--COO�NHþ

4

ð1:18bÞ
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This resultmay seem anundesirable change.However in the clean up stages of the
ESI-MS these ion pairs are unstable; intramolecular proton transfer occurs followed
by dissociation resulting in the products (Eq. (1.19)):

CH3CO
�
2 NH

þ
3 --Protein--COO�NHþ

4 !NH2--Protein--COOHþNH3 þCH3CO2H

ð1:19Þ
Because the ammoniumacetate concentration ismuchhigher than that of impurities
such as sodium ions, reactions, such as Eq. (1.16) are prevented. A clean mass
spectrum results and the protein appears at the right mass. In ESI-MS practice,
ammonium acetate is routinely used as an additive and the assumption is made that
its purpose is to act as a buffer. The above findings [53] demonstrate that the
popularity of ammonium acetate may not due to its action as a buffer but on its
ability to lead to clean mass spectra.

1.2.12.2 Determination of Equilibrium Constants in Solution via ESI-MS
Electrospray mass spectrometry may appear a very attractive technique for the
determination of the equilibriumconstant of a reaction occurring in solution because
of the soft nature of ESI, the simultaneous determination of the relative ion
abundance of the reactants participating in the equilibrium, the high sensitivity,
and the low sample consumption.
The determinations of equilibrium constants using ESI-MS can be divided into

two categories: (a) equilibria of small positive ions and ligands (such as crown ethers),
so that the gas-phase ion creation involves IEM, and (b) equilibria ofmacro ions (such
as proteins) and ligands (which may or may not be large organic molecules) so that
gas-phase ion creation involves CRM.
However, uncritical application of ESI-MS can lead to erroneous results due to the

complexity of the electrospray process. First of all, ESI-MS spectra are sensitive to
instrumental parameters, and these therefore must be chosen in such a way as to
minimize such effects. Secondly, during the charged droplets evaporation, the
concentration and pH of the sampled solution changes. If the equilibrium rate
constants are high enough, the observed ligand-substrate ratio may reflect the
concentration changes experienced during the evaporation/ionization step and thus
lead to erroneous determinations of the equilibrium constant in solution.
Consider the general reaction, Eq. (1.20a), where P is a ligand and S is a substrate,

in a reaction that has reached equilibrium in the solution used. The equilibrium
constant KAS is given by Eq. (1.20b) where [P], [S] and [PS] are the concentrations at
equilibrium.

Pþ S ¼ PS ð1:20aÞ

KAS ¼ ½PS�=½P� � ½S� ¼ IPS=IP � IS ð1:20bÞ
Sampling the solution with ESI, the concentrations can be replaced with the ESI-MS
observed peak intensities IP, IS and IPS assuming that the individual sensitivity
coefficients are equal to one. However this cannot be expected, and different
strategies have been proposed to deal with this, see reference [54].
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Thus, one can repeat the experiment at several, gradually increasing, concentra-
tions of S and examine whether the association constant, evaluated with Eq. (1.20b),
remains constant. This procedure is called the �Titration Method� and is generally
used in ESI-MS determinations of the equilibrium constant.When the differences in
molecularmass of S, P or PS are large, erroneous resultsmay be obtained due tom/z-
dependent transmission differences of the MS analyzer. While less of a problem for
small metal (S)-ligand-(P) interactions, for proteins (P) of very large mass and
substrate (S) of much smaller mass it is advantageous to use only the ratio IPS/IP.
Zenobi and coworkers [55] have provided an equation for the determination ofKAS in
which only the ratio IPS/IP is used.
From the standpoint of the mechanism of ESI, an agreement of the KAS values

determined via ESI-MS with values obtained with conventional in-solution methods
may appear surprising. One could expect that the very large increase in the
concentration of the solutes in the charged droplets due to evaporation of the solvent
in the droplet evolution will lead to an apparent KAS that is much too high. However,
this equilibrium shift need not occur if rates of the forward and reverse reactions
leading to the equilibrium are slow compared to the time of droplet evaporation.
Peschke et al. [33] evaluated an approximate droplet history scheme for water

droplets produced by nanoelectrospray. The early part of this scheme is shown in
Figure 1.5, Section 1.2.7. Because the initial droplets produced by nanospray have a
small diameter (< 1mm), their evaporation is very fast, so that they reach the Rayleigh
instability condition in just a few ms. It could also be established that the first
generation progeny droplets will be the major source of analyte ions [33].
Assuming even the fastest possible reaction rates, that is, the diffusion limit rates

for the forward reaction P þ S¼PS, it could be shown that the total droplet
evaporation time can be too short for the equilibrium (Eq. 1.20b) to shift in response
to the increasing concentration due to solvent evaporation. The rate constant at the
diffusion limit decreaseswith an increase in the substrate size. Substrates ofmedium
size such as erythrohydroxy aspartate, adenosine di- and tri-phosphate, with diffu-
sion-limited rate constants k from 106 to 107M�1 s�1, are too slow to cause an
equilibrium shift that will lead to a significant error in the equilibrium constant (KAS)
determination via ESI-MS. Thus, an equilibrium shift for substrates that are not too
small is not expected using nanospray. This is in contrast to electrospray, where
droplet evaporation takes place in themillisecond range [36]. It is noteworthy that, as
far as we are aware, electrospray is the method most used for equilibrium measure-
ments of small metal-ligand systems, while our analysis indicates that the use of
nanospray may be less error-prone. For a thorough review on small metal-ligand
systems, see Ref. [54]. More recent investigations on small systems are reported in
work by Zenobi and coworkers [56].
Because large complexes are most probably transferred to the gas phase via CRM,

another question must also be examined. Considering a protein-substrate
complex, and assuming close to equal concentrations of protein (P) and substrate
(S), an evaluation [33] shows that, for an initial concentration of 10mM, inmost cases
there will be one protein and one substrate molecule in the average first generation
progeny droplet that has evaporated down to the size of the protein. In that case,
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protein and substrate will form a nonspecific complex because the substrate makes a
randomencounterwith the protein and has �no time� tofind the site of specific strong
bonding. Since themass of the nonspecific complex is the same as that of the specific
complex, the observed peak intensity (ISP)will lead to an apparentKAS that is too high.
If however the nonspecific complex is weakly bound, the nonspecific contribution
in the measured KAS could be minimized because of dissociation in the clean-up
stages of the electrospray process. This a priori assumption about weakly bound
nonspecific complexes being decomposed in the clean-up stage may not predict the
correct outcome in all cases. It neglects to consider the strong ion-neutral bonding in
the gas phase and the fact that the protein will be multiply charged. Strong hydrogen
bonds can form between charged (protonated) sites of the protein and functional
groups of the substrate such as �OH and �NH2 groups. A recent study by Wang,
Kitova, andKlassen [57] exactly described such effects for protein (P)-carbohydrate (S)
complexes. In this study, accidental PS and SPS complexes were observed in the
gas phase and the nonspecific bond was found to be stronger than the specific bond.
This suggested that the nonspecific S-P bond was to a protonated site of the charged
protein [57]. These results are not surprising; proton-bridged dimers have long been
known to formvery strongbonds in the gas phase [58]. Further important examples of
the use of ESI-MS in the study of large noncovalent complexes are provided in
Ref. [59].
The above examples provide a good illustration of the fact that an understanding

of the ESI-MS mechanisms is necessary for the correct interpretation of results
obtained with ESI-MS.
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