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ABSTRACT

DeMuth, Jessica Corinne. Ph.D., Purdue University, August 2015. Manipulation of
Electrospray Generated Droplets using Various Vapors. Major Professor: Scott A.
McLuckey.

Volatile reagents can be entrained in desolvation gas to manipulate electrospray
generated droplets. These reagent vapors are admitted into the atmospheric interface
region of a QqTOF tandem mass spectrometer. The electrospray droplets interact with the
reagent vapors between the curtain and orifice plate for approximately a millisecond,
which is the time required for analyte desolvation. A variety of vapors, particularly polar
aprotic vapors, can be used to reduce alkali metal adduction on proteins. This effect is
due to the alkali metals interacting with the vapor to form alkali metal adducted reagent
vapor cluster ions that are ionized via the ion evaporation model, which reduces the
amount of alkali metal in the electrospray droplet available to adduct to proteins that are
ionized via the charge residue model. Polar vapors can be used to stabilize noncovalent
protein complexes via evaporative cooling of the analyte of interest and lengthening the
electrospray ionization desolvation process. These vapors interact with peptide containing
ESI droplets to form peptide ions that are adducted to the respective vapor that was doped
into

the

curtain

gas.

Additionally,

these

vapors

interact

with

ESI

xx
droplets to form unique doubly charged cluster ions of the form [nX+H+Y]2+ where X is
a reagent vapor molecule, n = 5-6 and Y is a sodium or potassium ion.
Acidic and basic vapors can also be introduced into the desolvation gas to alter
the ESI response of analytes derived from a mixture in the positive and negative
polarities. In general, in the positive polarity, the ESI response of acidic bioanalytes in a
mixture is enhanced by introducing acidic vapor into the curtain gas. In the negative
polarity, the ESI response of basic analytes in a mixture is enhanced by doping basic
vapor into the curtain gas. The ESI response is most universal when acidic vapor is
entrained in the curtain gas in the positive polarity and when basic vapor is entrained in
the curtain gas in the negative polarity. Acidic and basic vapors shift the ESI selectivity
via changing the droplet pH during the ESI process. The main variables in the ability of
acidic or basic vapors to enhance ESI response for analytes depends on the ionization
polarity, the analyte isoelectric point, and the reagent vapor pKa and vapor pressure. For
protein mixtures, the propensity of proteins to ionize via the chain ejection model versus
the charge residue model may also influence the ESI response observed upon exposing
the electrospray droplets to acidic or basic vapors.
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CHAPTER 1 INTRODUCTION

1.1 Electrospray Ionization

1.1.1 History
Malcolm Dole conceived the idea of electrospray ionization (ESI) while working
as a consultant for a painting company.1 He observed cars being painting using small
charged paint droplets with a process termed electrospray. In the 1960s, Dole et al.2 went
on to develop an apparatus to apply this technique to analyze gas-phase polystyrene ions
to determine their kilodalton range molecular masses. Professor Seymour Lipsky at Yale
Medical School recognized the enormous potential of electrospray for the field of mass
spectrometry within Dole’s paper and contacted John Fenn who was studying the
production of molecular beams with nozzle-skimmer systems at the Yale Department of
Mechanical Engineering.14 John Fenn examined this ESI technique using small ions in
the positive3 and negative4 polarities as well as demonstrating that this technique could be
used to ionize proteins with a molecular mass larger than 1500 Daltons (Da).5 When John
Fenn described this technique, he said “We learned to make elephants fly.” Before ESI6
and Matrix Assisted Laser Desorption Ionization7 (MALDI), there was not an ionization
method capable of ionizing large intact molecules, such as proteins or polymers. The
advent of ESI and MALDI made the study of large intact molecular ions possible. A
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benefit of ESI is that multiply charged ions are formed thereby allowing the study of
molecules with a molecular mass larger than the high m/z limit of the respective mass
spectrometer. However, with MALDI, a significant amount of Coulomb energy is needed
to separate multiply charged ions from their respective counter-ions thereby resulting in
the presence of primarily singly charged ions.8 A notable drawback of MALDI is that one
is limited by the mass range of the given mass spectrometer. The ability of ESI to
produce intact multiply charged ions for a vast mass range of analytes has led to the
continued development and mechanistic characterization of the technique.

1.1.2 Overall Process
The process of ESI to form gas-phase ions from solution is often described in
three steps: (1) the generation of charged droplets at the electrospray capillary tip, (2) the
reduction of the charged droplet volume via solvent evaporation and repeated Coulombic
fissions, and (3) the specific mechanism by which gas-phase ions are formed from small,
highly charged droplets.9 These events occur within the atmospheric pressure region of
the mass spectrometer. The apparatus used to generate electrospray consists of an emitter,
such as a metal capillary, to which solution is supplied via a syringe pump. A high
voltage is applied to the liquid within the emitter to generate the ESI droplets. To
generate nanoelectrospray10 (nESI) droplets, solution is dispensed into a borosilicate
capillary that has been pulled to a tip. A high voltage is applied to a wire placed into the
borosilicate capillary containing solution. Generally platinum wire is used because it is
inert. Stainless steel and zinc capillaries have been used, but they release Fe2+ and Zn2+
respectively into solution.11
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Electrospray can be characterized based on the flow rate of solution through a
capillary tip. Typically nESI10 denotes a solution flow rate around 10-30 nL/min whereas
microelectrospray12 describes a flow rate of approximately 2-8 μL/min, and ESI describes
a flow rate generally around 1 mL/min or more.13 Once these electrospray ions are
formed at a particular ESI flow rate, they must be effectively transferred into and through
the mass spectrometer to the detector.

1.1.3 Electrophoretic Mechanism
The formation of charged droplets at a capillary tip occurs via an electrophoretic
mechanism in which a voltage around 1-3 kV is applied to the capillary and the orifice
plate is 1-3 mm away and acts as the counterelectrode.14 The value of the electric field,
Ec, at the capillary tip opposite the counterelectrode can be described using the following
relationship15,16 in which
2 ⁄

ln 4 /

(1.1)

where Vc is the applied potential, rc is the capillary radius, and d is the distance between
the capillary tip and counterelectrode. Both highly polar and relatively less polar analytes
can be analyzed via ESI. Polar analytes are generally dissolved in polar solvents, such as
water

and/or

methanol,

whereas

less

polar

analytes

can

be

dissolved

in

dimethylformamide (DMF) or dimethylsulfoxide (DMSO).17 Low concentrations of
analyte, such as 10-7-10-3 moles/liter (M), are sufficient for study via ESI-MS.
An applied Ec will permeate the solution within a capillary.14 This electric field
will be highest at the capillary tip and cause solvent polarization at the meniscus of the
liquid. The presence of trace electrolytes in the solution is sufficient to cause positive and
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negative electrolytes to move and separate under the influence of the electric field. In the
positive polarity, this causes an augmentation of positive ions at the surface of the
meniscus and negative ions to move in a direction opposite the meniscus.14 This
polarization at the meniscus causes the formation of a Taylor cone.18,19 When the applied
field is sufficiently high, a fine jet charged by positive ions emerges from the cone. The
electric field,

, necessary to cause Taylor cone instability is expressed20 as
/

where

is the droplet surface tension,

permittivity, and

(1.2)

is the Taylor cone half-angle,

is the vacuum

is the capillary radius. The Couloumbic repulsion at the surface of the

jet causes the jet to disintegrate into small positively charged droplets.9 In electrospray,
there can be one or more cone jets formed. Solvent evaporates from the droplets and the
droplets fission as they move towards the counter electrode.9
When solvent evaporates from a droplet, the charge remains constant. Eventually
the Coulombic repulsion at the droplet surface is so high that it fissions into smaller
progeny droplets. In 1882, Lord Rayleigh derived a relationship21 to describe when this
droplet fission occurs or reaches the “Rayleigh limit” in which

is the charge on a

/

8

(1.3)

droplet with surface tension , radius R, and vacuum permittivity

. The electric current,

I, attributed to charged droplets with radius R exiting the capillary has been modeled by
Fernandez de la Mora and Loscertales22 as the following where for a given
/

⁄

/

(1.4)
(1.5)
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solvent

is the surface tension and

is the permittivity,

is the solution conductivity, R is the droplet radius,
solvent dielectric constant. The

⁄

is the vacuum permittivity, K
is the flow rate, and ⁄

is the

is a calculated numerical function equal to

approximately 18 for liquids, such as water or methanol, with dielectic constants above or
equal to 40.22 The solvent evaporation and fissioning of offspring droplets leads to the
formation of gas-phase ions via various mechanisms to be described in subsequent
sections.

1.1.4 Electrolytic Mechanism
In electrospray, a voltage is applied to a metal capillary or wire which causes
redox reactions to occur at the metal-liquid interface. In the positive polarity, these redox
reactions will be providing positive ions to the solution. Two examples of redox reactions
that can occur in the positive polarity are shown below9,23 in Equation 1.6 and 1.7
2H2O  O2 (g) +4H+ (aq) + 4e- (on metal surface)

(1.6)

4OH- (aq)  O2 (g) +2H2O + 4e- (on metal surface)

(1.7)

The production of H+ or decrease in OH- can cause the capillary solution to be become
acidic over time.23 When zinc or steel capillaries are respectively used, the ions Zn2+ and
Fe2+ can be observed from the reaction below11
M (s)  M2+ (aq) + 2e- (on metal surface)

(1.8)

These ions are released into solution at a rate equal to the measured electrospray
current.11 These observations provide evidence that electrolysis occurs during the
electrospray process.
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1.2 Electrospray Ionization Models

1.2.1 Charge Residue Model
The first mechanism proposed for the formation of electrospray ions was
proposed by Dole et al. in 1968.2 In this mechanism, solvent evaporation and droplet
fission lead to the eventual formation of a droplet containing one analyte and some ionic
charge on the droplet surface. The charge condenses onto the analyte to form an ionized
analyte.24 This mechanism is referred to as the charged residue model (CRM).
Large analyte ions, such as polymers and native proteins, are most likely ionized
via the CRM.24 If one or more proteins were present in a small charged droplet and
ionized via the CRM, then one would expect to see monomers, dimers, and other
multimers in spectra. Smith et al. observed protein multimer ions in which the charge-tomass ratio decreased with the size of the multimer, which is consistent with the CRM.25
When analyzing starburst dendrimers, Smith et al. noticed that the molecular mass M was
related to the average charge Zav with the best fit proportionality constant b equal to 0.53
with a being an additional constant in the equation26 below
(1.9)
Fernandez de la Mora24 independently verified the relationship in Equation 1.9 using
dendrimer26 and protein data. He argued that the evaporating charged droplets remain
close to the Rayleigh limit and that upon complete evaporation of solvent the charge will
condense onto the analyte. Fernandez de la Mora produced a more in depth version of
Equation 1.9 for proteins comprising the two equations24 below
(1.10)
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/

where M is the protein molecular mass, R is the radius,
was assumed to be the same as water with =1 g/cm3,
number of protein charges,

(1.11)

is the protein density, which
is Avagodro’s number, Z is the

is the surface tension of water,

is electrical permittivity

in vacuum, and e is the electron charge. Kaltashov and Mohimen found that Equation
1.11 fits protein data better when the respective surface area of each protein is taken into
consideration.27 Nonetheless these empirical CRM relationships have enabled the
quantitative prediction of gas-phase protein ion charge state with respect to protein mass
and surface area.

1.2.2 Ion Evaporation Model
While studying small ionic analytes, Iribarne and Thomson proposed a second
mechanism for the formation of gas-phase ions, which they coined as the ion evaporation
model (IEM).28,29 When Rayleigh charged droplets have a radii R ≤ 10 nm, the electric
field on the droplet surface is sufficiently high to emit small solvated ions from the
droplet surface.30 Small protonated analytes as well as small inorganic ions can form via
the IEM. Surface active analytes can encourage IEM ejection as well due to their
presence near the droplet surface and their low desolvation energies.30 Iribarne and
Thomson derived an equation based on transition state theory to predict the ejection rates
of ions from charged droplets as shown below28
exp

∆ ∗

(1.12)
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where k is the ion ejection rate constant,
temperature, h is Planck’s constant, and ∆

is the Boltzmann constant, T is the droplet
∗

is the free energy of activation. The

activation barrier was attributed to (1) the attraction between the polarizable droplet and
the escaping ion and (2) Coulombic repulsion between the excess droplet charge and the
ion, which pushes the ion away from the droplet surface.28 The transition state occurs
when the attractive and repulsive forces are equal. Moreover, recent molecular dynamic
(MD) simulations suggest that the departing ion remains connected to the droplet via a
hydrogen-bonded solvent bridge until the solvated ion is freed.31 Collisions within the
mass spectrometer interface with background gas desolvate the ion.32
Several studies have been done that lend support to the IEM. Since ion ejection
from a droplet cannot be observed, Fernandez de la Mora et al. developed a method33,34,35
where they quantitatively analyzed the charged electrolyte residues formed after complete
solvent evaporation. These solid residues existed as “charged droplets” prior to complete
desolvation thus their sizes and charges represent a good estimation for the sizes and
charges of charged droplets.33 Using concentrated electrolyte solutions and low flow
rates, small droplets were produced via ESI with the mobility of the respective charged
solid residues evaluated. Moreover, the mobility is influenced by the radius and charge of
the solid residue. The mass of the residue was determined using a “hypersonic impactor”
apparatus and this mass was used to calculate the radius. The charge of the residue was
determined from the mobility measurement and the calculated radius. The charge
calculated for the charged residue was notably less than the charge required by the
Rayleigh stability equation thus agreeing with the IEM predictions.33 Further studies34,35
optimized this approach to lend greater support to the IEM. Other than Rayleigh fission,
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the IEM provides another way for a droplet to relieve excess charge via the ejection of
ions from the droplet surface.

1.2.3 Chain Ejection Model
The ESI mechanism of a protein is conformation dependent. Proteins derived
from neutral aqueous solutions tend to have a more compact, globular conformation in
which the more hydrophilic amino acid residues are on the outside of the structure while
the more hydrophobic residues reside within the center of the structure.36 These more
compact protein conformations ionize via the CRM.27 However, under denaturing
conditions, this compact structure unfolds thus exposing the more hydrophobic amino
acid residues, which causes the protein to become more surface active with an expanded
structure.36 Konermann et al. performed molecular dynamic simulations37,38 and protein
salt adduction39 studies that suggest that denatured proteins ionize via a mechanism,
denoted as the chain ejection model (CEM). In this mechanism, the extended/unfolded
protein chain migrates towards the surface of the ES droplet.30 Subsequently, the chain
terminus is expelled via stepwise sequential ejection of the remaining residues until the
complete protein chain has exited the droplet as an ionized protein. The CEM is similar
mechanistically to the IEM, but is conceptually distinct from the CRM.30 Polymer chains
that generally ionize via the CEM are the following: (1) disordered, (2) able to bind
excess charge carriers, and (3) partially hydrophobic.30,37,40
The way in which charge is distributed to proteins ionized by CEM is similar to
the charge equilibration that occurs during the dissociation of electrosprayed multiprotein
complexes.38,Error!

Bookmark not defined.

Slow collisional activation of a protein causes a
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subunit to unfold. Coulombic repulsion encourages mobile protons on the complex
surface to spread to the unfolding subunit until the subunit is detached.Error! Bookmark not
defined.

Subsequently, this leads to the formation of an unfolded subunit that is highly

charged and a residual complex with decreased charge.30 In both the CEM and
dissociation mechanism, a Rayleigh-charged droplet releases a charged protonated
protein chain.38 In multiprotein complex dissociation, the high charge of the departing
chain is due to proton transfer from the complex to the departing chain to relieve
electrostatic repulsion.37,38 Whereas in CEM, the protein is charged via charge
equilibration between the charged ESI droplet and the subsequently ejected protein
chain.30 Additionally, the charge on proteins ionized by the CEM is restricted by the
maximum size of a droplet that can undergo CEM, which is 10 nm.38 It follows that
larger droplets carry more charge thus polymer chains ejected from larger droplets tend to
have greater charge.30 However, there are several factors that influence the final charge
on a protein including protein conformation, the probability that proteins will get ejected
below the Rayleigh limit, and the efficiency of the charge equilibration process.30
Recently, Konermann et al. used molecular dynamic simulations37,38 and salt
adduction39 measurements to proteins to provide support for the mechanism by which
proteins were ionized, i.e. CRM or CEM. Proteins ionized by the CEM tend to have
higher signal intensities than those formed by the CRM (μs timescale) due to the faster
timescale of the CEM (ns timescale).37,40,41,42 Additionally, proteins ionized via the CEM
are expected to be more adducted than protein ions formed via the CRM.30 In their study,
proteins derived from a wide range of pH solutions containing 0.5 mM NaCl were
ionized in the positive polarity with the sodium adduction levels quantified.39 They found
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that sodiation levels for unfolded protein species were substantially reduced compared to
more compact, “native” conformations of proteins thereby supporting the supposition that
denatured, more unfolded proteins are ionized via the CEM and more compact proteins
are ionized via the CRM.39 Generally, proteins with low charge states tend to be more
heavily adducted than those with high charge states.39 Proteins ionized via the CRM are
highly adducted because the droplet salt concentration increases with each droplet fission
until the salt condenses on the protein upon complete desolvation.9,30,43,44,45 Whereas
solvent evaporation occurs in the timescale of the CEM. Due to the faster kinetics of the
CEM, there is a lower salt concentration in the droplet upon ejection of the protein ions
from the droplet surface.39 It is important to recognize that for a protein derived from
denaturing conditions, the resulting spectra can show a broad distribution of charge states
in which some of those protein ions are derived by the CRM and others by the CEM
thereby leading to different spectral features, e.g. degree of sodium adduction and signal
intensity. For a given spectrum, there can be ions observed that were respectively formed
by the IEM, CEM, or CRM mechanisms.

1.3 Solution Parameters
There are multiple solution variables that influence the formation of electrospray
droplets and the subsequent ionization of analytes. A general knowledge of these
parameters will allow the optimization of solution conditions for a given system.
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1.3.1

Solvent Polarity

The influence of solvent polarity and the associated dielectric constant on the
electrospray response has been investigated. The onset of Rayleigh limit instability for a
variety of solvents has been widely studied.46,47,48,49,50,51,52,53 In general, the type of
solvent used in ESI has a negligible influence on when the droplets reach the Rayleigh
limit to fission.14 For a given solvent, the charge lost with each Coulombic fission is
around 15-25%, and the mass lost ranges from 2-5%.14
The influence of solvent polarity on a variety of systems has been studied in the
positive and negative polarities. In the positive polarity, Cole et al. studied the effect of
solvent on diquaternary ammonium salts.54 In general, the more polar solvents increased
the charge states and signal intensity of the analyte ions. They suggested that higher
polarity solvents have a higher surface charge density, such that upon ion evaporation,
more charge is distributed to the analytes. They also argued that low polarity solvents
shift the equilibrium in the droplet in favor of ion-pairing thereby decreasing the signal
intensity of the analytes.54

Similar to the positive polarity results, in the negative

polarity, high dielectric solvents also resulted in higher analyte charge states presumably
due to greater droplet charge.55 To further support this theory, lipid A and cardiolipin was
analyzed using solvents with high solution and gas phase basicities and high proton
affinities with low dielectric constants, which coincided with a decrease in analyte charge
states. Cole et al. reasoned that gas-phase processes and solvent basicity impact ion
formation less than solvent polarity.55
In a study by Hughey et al., various small, acidic molecules were ionized in the
negative polarity to investigate the role of solvent polarity in liquid chromatography (LC)
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MS.56 They found that compounds with electron-withdrawing groups and extended
conjugation ionized efficiently in a wide range of solvents with varying polarities, which
they attributed to inductive and resonance effects. Overall the molecules studied ionized
best in either water or methanol suggesting that polar protic solvents increase sensitivity
and lower detection limits.56 Cech et al. found that in the negative polarity, small organic
molecules had a better ESI response when prepared in methanol as compared to
acetonitrile.57 Mixing water with organic solvent also lowered the analyte ESI response.57
Other studies have found that proteins can denature and consequently unfold in
organic solvents.58,59 This protein unfolding makes charge sites more accessible to be
protonated or deprotonated during ionization60 and enhances surface activity36 as
compared to a more compact protein conformation. Tabet et al, investigated the influence
of solvent polarity on fluorinated polymers.61 They found that increasing the solution
polarity favored the formation of lower mass oligomers presumably due to the
aggregation of longer chain fluorinated oligomers. In these studies, it is important to note
that other solvent variables, such as volatility, viscosity, conductivity, and surface
tension, can influence ESI mass spectra in both polarities54, but these variables are
difficult to independently isolate in ESI studies.
Zenobi et al. studied how solvent polarity changes in an electrospray plume using
solvatochromatic dyes where the fluorescence emission responds to solvent polarity.62
They found that the polarity of droplets increase with distance from the emitter, such that
the most polar droplets are the smaller droplets at the periphery of the ES plume. The
evolution of polarity in the ES plume was attributed to solvent evaporation, solvent
volatility, and water entrainment from the surrounding air.62

14
1.3.2

Surface Tension

Surface tension impacts the Rayleigh limit of ESI generated droplets, such that
increasing the surface tension increases the onset of the Rayleigh droplet fission, such
that the droplet will accommodate more charge before fissioning (Equation 1.3). The
ability of “supercharging reagents,” such as m-nitrobenzyl alcohol (m-NBA), glycerol, or
sulfolane, to increase the charge on proteins is partially attributed to the high surface
tension of the supercharging reagents (see Section 1.3.6).63,64,65 The high surface tension
reagents allow the ES droplet to accommodate more charge which increases the droplet
charge density thereby resulting in the formation of analytes with higher charge states.
For a solvent mixture, such as water and dimethylsulfoxide, Grandori et al.
wanted to determine if the charge state of denatured proteins correlates with the surface
tension of the least volatile solvent component.66,67 They found that for lysozyme
decreasing the surface tension of solvent did not decrease protein charge.66 Grandori et al.
suggest that protein ions derived from solutions containing low surface tension and low
vapor pressure additives have smaller changes in charge than that calculated by the
Rayleigh equation.67 In a study by Williams et al., the dendrimers DAB 60 and DAB 64
were ionized using a variety of solvents.63 Dendrimers are stable, spherical
macromolecules whose structures are not impacted by non-aqueous environments.14 In
general, the average charge on the dendrimer increased with the surface tension of the
solvent as expected with ionization via the CRM.63 The lack of expected change in
charge for denatured proteins in the study by Grandori et al.67 may be due to
conformational changes14 or due to the proteins being ionized via CEM.30
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1.3.3 pH
Many reagents, such as ammonium salts, are not ionized by the electrospray
process, but the electrospray allows the reagent ions to separate from their counterions
and transfer from solution into the gas-phase.68 However, other analytes are ionized via
deprotonation or protonation in the negative and positive polarity respectively. It is
important to consider the analyte pKa for acidic reagents and pKb for basic reagents to
predict the ES ionization efficiency.68 Acidic species are more easily ionized in the
negative polarity via deprotonation of acidic sites whereas basic species are more readily
ionized in the positive polarity. Studies have shown that for protonated analytes in the
positive polarity, the electrospray response is related to the bulk concentration of the
protonated species.69,70, Subsequently, weakly basic analytes with high pKb values that
are weakly protonated in solution have relatively low electrospray responses. However,
other factors such as analyte surface activity and gas phase basicity can also influence the
relative ES response of analytes.68
The solution pH can be manipulated to optimize analyte protonation or
deprotonation with some limitations. In the positive polarity, the ES ionization efficiency
of weakly basic species is enhanced when they are derived from low pH solutions.70,71,72
Typically, around 0.1-0.5% of volatile acid, such as acetic or formic acid, 68 is used to
decrease solution pH whereas higher acid concentrations73,74 or utilizing strong acids,
such as HCl, can decrease signal intensity.69 In the negative polarity, the addition of a
volatile weak acid74,75 or a volatile weak base76,77 has been reported to increase signal
intensity. In the negative polarity, ammonium hydroxide or trimethylamine can be used to
adjust pH for enhanced ES response.68
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Studies have been done to describe the effects of altering bulk solution pH on
ESI-MS. Cole et al. investigated the effect of adjusting peptide concentration, solvent
composition, and pH on the degree of protonation.78 They propose that at high pH the
presence of electrophoretic droplet charging can reduce the activity of OH- in the positive
polarity. At the low pH, additional factors contribute to the attenuation of charging in the
gas phase as compared to bulk solution. In the positive polarity, these factors may be
intra- and intermolecular Coulombic repulsion between charge carriers, i.e protons, and
enhanced attractive forces between protonated sites and counterions in the later stages of
droplet evaporation.78 Bioanalytes have been studied in the “wrong-way round,” which
denotes that the ions observed in the positive or negative polarity were prepared in
solutions that were respectively basic and acidic, such that the ESI polarity would be
opposite of that present in the bulk solution.79,80,81 Various mechanisms have been
proposed that explain how protons can be provided to a basic solution or hydroxide ions
to an acidic solution that can allow for the formation of ions under “wrong-way round”
conditions. For example, Siu et al. propose that protein cations can be formed from an
electrosprayed basic solution because the protonated ions exist as adducts with the
nitrogen bases in solution, and these adducts desorb into the gas phase during ESI, but are
dissociated via collision induced dissociation (CID), such that the protonated species of
the proteins are observed in mass spectra.80 Ionizing proteins in the “wrong-way round”
can result in greater sodium adduction to proteins in the positive polarity.43 However,
introducing low concentrations of weak acids into electrospray solutions can enhance the
electrospray response of selective androgen receptor modulators in the negative
polarity.82
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Several papers have investigated both the evolution of pH within an electrospray
solution as well as the pH distribution within the electrospray plume. Van Berkel et al.
propose that the bulk pH of an electrosprayed solution changes over time due to the
electrolytic oxidation of water and is most significant in non-buffered solutions around
pH 7 (See Section 1.1.4).23 Dugourd et al. studied pH evolution within an electrospray
plume using both the emission spectra of pH-chromic dye C.SNARF-1 and peptide anion
mass spectra.83 Enhancing desolvation, using a sheath gas or a temperature increase, for
an initial solution with pH>7 results in an increase in droplet pH with high negative
charges observed in mass spectra whereas for a pH<7 desolvation lowers the droplet pH
with low negative charges observed in mass spectra.83 They demonstrate that the pH of
the ESI droplet is not homogeneous. When a bulk solution with pH 6.5 is electrosprayed
in the negative polarity, the pH of the droplets decrease as they travel down the plume,
and the pH is lower at the edge of the spray plume than at the center.83 The pH profile of
the electrospray plume is dynamic and useful in better understanding the ESI process.

1.3.4

Electrolytes and Counter-Ions

The presence of counter-ions can influence the observed ESI mass spectrum as
well as analyte conformation. Mirza and Chait investigated the effect of various anions
on the ESI of peptides and proteins in the positive polarity.79 They found that certain
anions significantly decreased the average charge of bioanalytes in the order: CCl3COO> CF3COO- > CH3COO- ≈ Cl-. The suggested mechanism for charge reduction involves
two steps: (1) in solution, the anion pairs with a positively charged basic site on the
peptide and (2) during the desolvation process or in the gas phase, the ion pair dissociates
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to form a neutral acid and a charge reduced peptide.79 The addition of small molecules or
electrolytes to analytes can decrease analyte signal by suppressing analyte ionization.84,85
Pan et al. found that the more surface-active a small molecule, the greater the degree to
which it will suppress analyte ionization.85 However, highly surface-active small
molecules are as effective at suppressing protein ion signal as other proteins on a percharge basis.85 Recently, Konermann et al. investigated the mechanism of salt-induced
signal suppression for electrosprayed proteins with NaCl, CsCl, and tetrabutylammonium chloride solution additives.86 They propose that salt interferences can be
categorized by (1) peak splitting due to adduct formation and (2) protein ion suppression.
The NaCl additive complicates spectra via the formation of heterogeneous adduct ions in
the form [M + zH + n(Na-H) + m(Cl+H)]z+ whereas tetrabutylammonium chloride
reduces protein ion yield due to suppression of Rayleigh parent droplet fission during
ESI. 86 The tetrabutylammonium chloride does not adduct to the protein. Konermann et
al. suggest that the CsCl additive results in a mixture of the two scenarios.86
Several studies have characterized the influence of salts on proteins based on the
Hofmeister series, which categorizes salts based on their ability to salt in or salt out
proteins from solution.87,88,89 Williams et al. investigated the effects of several Hofmeister
series anions on protein ions using traveling-wave ion mobility spectrometry and mass
spectrometry.90 They found that the adduction of HClO4, HI, or H2SO4 to multiply
protonated proteins can result in compact conformations of gas-phase protein ions.
However, the extent to which the anions investigated influence protein conformation
depends on their concentration and the protein identity.90 The effects of anions on sodium
ion and acid molecule adduction to proteins ionized via ESI were investigated.91 It was
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concluded that sodium and acid molecule adduction was inversely related, such that acid
molecule adduction dominates with anions with proton affinity (PA) values less than 315
kcal/mol whereas sodium adduction dominates with anions with PA values greater than
approximately 300 kcal/mol.91 However, the degree to which anions influence acid and
sodium adduction does not directly correlate with the Hofmeister series implying that
ion-water interactions may play a greater role than protein-ion interactions in the
Hofmeister effect.91
Nonselective alkali metal adduction is a notable caveat in mass spectrometry
because alkali metal adduction can suppress analyte signal intensity and complicate mass
spectra via distributing the signal intensity among several adducted peaks. Many methods
have been developed to reduce alkali metal reduction for analysis of bioanalytes via mass
spectrometry. There are techniques that involve reducing metal adduction prior to
ionization, which include high-performance liquid chromatography (HPLC),92 ion
exchange,93 and dialysis.94 Alternative approaches involve using solution additives to
reduce nonselective metal adduction to bioanalytes. Some examples include the addition
of 2.5% v/v sulfolane,95 7 M ammonium acetate,96 or millimolar amounts of anions with
a very low PA (i.e. less than ~315 kcal/mol).91,97 Exposing ESI droplets to acetonitrile
vapors can reduce sodium adduction to proteins as well.98 However, the addition of
certain metal cations can be beneficial in protein analysis via ESI-MS. For example,
Konermann et al. found that the addition of the divalent metal cations Mg2+ and Ca2+ to
solution can stabilize the noncovalent hemoglobin complex in the gas-phase via the
formation of chelation bridges between the carboxylate groups of the protein.99 This
stabilization effect was not observed with the addition of the monovalent metal cations
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K+, Rb+, and Cs+ to solution.99 Depending on the mass spectrometry application, certain
metal solution additives can be detrimental or beneficial to bioanalyte analysis.

1.3.5

ESI Response Enhancement with Curtain Gas and Solution Additives

Recently, several techniques for enhancing ESI response have been proposed.
These techniques involve either a curtain gas dopant or a post-LC column solution
additive. Entraining acetonitrile vapor into desolvation gas and exposing this doped gas
to ESI droplets has been shown to increase peptide and protein identification rates for a
HeLa digest.100 Acetonitrile vapor exposure has also been shown to enhance the charge of
glycopeptides leading to better sequence coverage via electron transfer dissociation
(ETD) and improved identification of glycosylation sites.101 Acetonitrile vapors have
been used to reduce sodium adduction to proteins, such as myoglobin and cytochrome
c.98,102 The acetonitrile vapor reduces sodium adduction by binding to the sodium, and
these sodiated acetonitrile clusters ions are presumably ionized by the IEM and removed
from the droplet before the proteins are ionized by the CRM.102 Other vapors, particularly
apolar protic vapors, are particularly effective at reducing alkali metal adduction.102 Polar
vapors can also be utilized to stabilize delicate noncovalent protein complexes via
lengthening the ESI droplet desolvation process.103 The exposure of ESI droplets to
benzyl alcohol vapor has been shown to increase the signal intensities of peptides by a
factor of four.104 In a liquid chromatography tandem mass spectrometry (LC-MS/MS)
experiment, electrospray droplets derived from an acid hydrolysate of alpha casein were
exposed to benzyl alcohol vapor, which increased the number of unique peptides
identified in a database search by 45%.104 The enhancement in peptide signal intensity
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with benzyl alcohol vapor was attributed to increased sequestration of analyte molecules
into nESI droplets or the benzyl alcohol vapors decreasing the energy barrier necessary
for escape of the analyte ions from solution into the gas-phase.104 Vapors can be
introduced into the curtain gas within the atmospheric interface region of the mass
spectrometer to aid in a variety of applications.
Additives can be added to the liquid chromatography (LC) solvent or added postLC column prior to ESI-MS analysis. A recent study observed that the addition of 5%
dimethylsulfoxide (DMSO) to liquid chromatography solvents can improve the peptide
identification rate of peptides derived from a protein digest between 10% and 25%.105
This peptide identification enhancement effect was attributed to DMSO inducing chargestate coalescence in peptide precursor ions resulting in simpler spectra thus better quality
MS/MS data.105 Hahne et al. found that DMSO can be doped into LC solvents to reduce
spectral background derived from the ionization of polysiloxane molecules.Error! Bookmark
not defined.

They propose that the addition of low percentages of DMSO to LC solvent

reduces the surface tension of the solvent leading to faster and presumably more
complete capture of peptides into nESI droplets thereby enhancing analyte ionization.
Additionally, Hahne et al. propose that the reduction in charge state observed with
DMSO may be attributed to the high gas-phase proton affinity of DMSO, which may
induce proton transfer from the high charge state tryptic peptides to the DMSO ions.106
This proton transfer improves sensitivity, which benefits peptide identification by
database searching. DMSO can also be added after the LC separation prior to analysis via
ESI-MS in order to avoid variation in the gradient-elution profile.106
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1.3.6 Supercharging Reagents
Supercharging reagents are solution additives that enhance the charge of analytes,
commonly proteins, which are ionized via electrospray. There are also supercharging
techniques where the analyte charge is enhanced using a combination of solution
conditions and instrumental parameters, such as adjusting the heated capillary
temperature or using a high ionization voltage. Sterling et al. developed an
“electrothermal” supercharging method that involves preparing a protein solution in 100
mM ammonium bicarbonate, applying a high spray voltage, and heating the ESI droplets
in the vacuum/atmosphere interface region of the mass spectrometer.107,108 Solution
additives, such as DMSO, sulfolane, m-nitrobenzyl alcohol (m-NBA), and 1.0 mM
LaCl3, can also enhance the charge of proteins.109,110,111,112 The addition of DMSO or mNBA additives unfold proteins via chemical or thermal denaturation that occurs during
the ESI process.109,110,111 Supercharging reagents can enhance protein charge, but can
disrupt native protein structure.

1.4 Analyte Parameters

1.4.1

Surface Activity

The hydrophobicity of an analyte influences its electrospray response. Enke et al.
investigated the ESI mass spectrometric response of a series of peptides with varying
degrees of nonpolar regions.113The ESI response was greatest for peptides with more
extensive nonpolar regions. Enke et al. proposed an equilibrium partitioning model to
describe the influence of surface activity on ESI response.113,114,115,116 This model
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proposes that an analyte’s relative surface activity dictates its relative ESI response due to
excess change residing on the droplet surface.113 In other words, surface active analytes
are more effective at competing for charge at the droplet surface thus they have a greater
ESI response. Another study investigated the relationship between ESI response and
reverse-phase (RP) HPLC retention time.117 The nonpolar surface area of peptides was
calculated and plotted against RP-HPLC retention time and ESI response. In general,
small peptides with longer RP-HPLC retention times had higher ESI responses.117 This
trend lends support to the equilibrium partitioning model due to the RP-HPLC retention
time and ESI response increasing with increased surface activity of the relative peptides.
Pan et al. observed that the degree to which small molecules suppressed the ESI response
of proteins was not influenced the nature of the molecule (i.e. metal cation, protonated
species, or quaternary ammonium ion), but depended on the surface activity of the
cation.85 For instance, the molecules most effective at suppressing protein ESI response
were the most hydrophobic. The surface activity of a particular analyte will influence its
relative ESI response thereby making it an important parameter in mixture analysis or
quantification experiments.

1.4.2 Analyte Basicity or Acidity
The acidity or basicity of an analyte will also influence the ability of an analyte to
be ionized and can be used to gauge which polarity, i.e. negative or positive, is better for
analysis. More basic analytes, or those with greater isoelectric points (pI), have a more
favorable electrospray response in the positive polarity.43,118 More acidic analytes, or
those with lower pI values, tend to be ionized more efficiently in the negative polarity.43
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This electrospray bias based on ionization polarity and analyte pI can be reduced by
decreasing solution pH in the positive polarity or increasing solution pH in the negative
polarity.43
An analyte’s gas-phase basicity is another variable that requires consideration.
For instance, in the positive polarity, if an analyte is prepared in a solvent with a higher
gas-phase basicity than that of the analyte, proton transfer reactions can occur, which
reduce the analyte charge state.119 The solution basicity of an analyte is different from its
gas-phase basicity. Molecules protonated in solution lose their protons to solvent
molecules or other analytes with higher gas-phase basicity values.120,121 Both the solution
basicity and gas-phase basicity of an analyte influence its electrospray response.

1.4.3

Derivatization

The electrospray response for a particular analyte can be improved via
derivatization. In general, these derivatization reactions improve ESI response via
increasing the analyte surface activity122,123 or enabling the analyte to be more effectively
charged.124,125,126,127,128 Van Berkel et al. used ferrocene-based derivatives to enhance the
electrospray ionization of simple alcohols, sterols, and phenols.128 A common challenge
in oligosaccharide analysis is that oligosaccharides are polar thereby less surface active
and less effective at competing for charge located on the droplet surface. Muddiman et al.
developed a method to derivatize glycans using cationic hydrazines to improve
electrospray response about 5-fold.129 Additionally, Okamoto et al. developed a method
to derivatize the oligosaccharide maltopentaose using trimethyl-(p-aminophenyl)
ammonium. This derivatization agent enhanced the maltopentaose ESI response about
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5,000-fold due to increasing both the hydrophobicity and proton affinity of the analyte.130
When the oligosaccharide was derivatized to increase surface activity, but not proton
affinity, only a 500-fold improvement in ESI response was observed.130 Methods have
been developed to derivatize a variety of analytes with a wide range of functional groups
to improve ESI response.

1.4.4

Concentration

The ESI response of analytes can be suppressed at high concentrations or in the
presence of high concentrations of other analytes. An analyte can have a nonlinear
response above concentrations of 10 μM.115,131,132,133 This is attributed to there being a
maximum amount of charge that can be allotted to an analyte during the ESI
process.132,134 Additionally, there is a fixed amount of excess charge present on a droplet,
such that when the analyte concentration exceeds the concentration of excess charge, the
analyte ESI response will level off.115 Pan et al. proposed that a protein can be viewed as
a collection of equivalent charge sites with the number calculated using the weighted
average charge of a protein observed in the ESI mass spectra.133 Using this simplification,
the response of a protein can be predicted based on the concentration of charge sites as
opposed to the concentration of analyte. Tang et al. investigated electrospray ion
suppression using high concentrations of ammonia.132,134 They observed that the ESI
response of the cesium cation was suppressed more than the hydrophobic tetrabutylammonium cation (TBA) due to TBA being more concentrated on the droplet surface.
The ESI response of an analyte can be influenced by its own concentration or the
concentration of other analytes if in a mixture
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1.5 Types of Collision Induced Dissociation

1.5.1 Ion Trap Collision Induced Dissociation
The collision induced dissociation (CID) that occurs within an ion trap or a triple
quadrupole is typically “low-energy” CID where the upper limit on the collision energy is
around 100 eV.135 Generally, in ion trap CID, a dipolar alternating current (AC) is
applied at the fundamental secular frequency of the analyte ion to accelerate that
particular ion through a bath gas, commonly argon or nitrogen, that acts as a target.136 In
ion trap CID, only a particular ion of interest is fragmented.

1.5.2 Beam-Type Collision Induced Dissociation
Commonly, in beam-type CID, ions are accelerated into a bath gas via
acceleration through a potential gradient.137 This MS/MS method fragments a range of
ions.

1.5.3 Dipolar Direct Current Collision Induced Dissociation
The CID method dipolar direct current collision induced dissociation (DDC CID)
is a broadband method where several ionized species are activated during the MS/MS
experiment.138 During the DDC CID process, collision activation occurs via “RF heating”
as the ions are displaced from the center of the ion trap into regions where there is higher
RF potential thereby inducing a greater micromotion, or RF ripple.136,139 This MS/MS
method is non-mass selective.
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CHAPTER 2 ELECTROSPRAY DROPLET EXPOSURE TO ORGANIC VAPORS:
METAL ION REMOVAL FROM PROTEINS AND PROTEIN COMPLEXES

2.1 Introduction
Electrospray ionization1 (ESI) is widely used to ionize large, non-volatile analyte
species, such as proteins and protein complexes. Large molecules with multiple basic or
acidic sites are generally formed as multiply-charged ions. Multiple protonation in the
positive mode and multiple deprotonation in the negative mode is commonly observed,
for example, with proteins. Alkali metal adduction to the analyte of interest is also often
observed, however. This metal adduction can suppress ionization and reduce signal
intensity2,3,4,5,6 as well as complicate spectra7 by spreading signal among the multiple
alkali metal adducted analyte ions. The degree of metal ion adduction on a protein ion
depends on the concentration of the metal as well as the solvent pH, protein pI, ionization
polarity, and charge state.8,9 Generally, there is more sodium adduction on low protein
charge states as compared to high protein charge states,9,10 which can be attributed to the
age of the droplets from which the respective ions were generated. That is, lower charge
states are generated from older droplets with lower excess charge and a higher
concentration of non-volatile salts.11,52 Karas et al. demonstrated that nanoelectrospray
ionization (nESI) reduces sodium ion adduction for insulin ions derived from millimolar
sodium chloride solutions as compared to utilizing conventional ESI due to the smaller
initial

size

of

the

droplets.11

Less

evaporation,

and
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therefore less concentration of non-volatile salts, prior to droplet fissioning is required
from the smaller initially formed droplets in nESI.

Several techniques have been

established to minimize alkali metal adduction by removing metals prior to ESI, such as
ion-exchange,12,13 liquid chromatography,14,15 and dialysis.16,17 Alternative approaches
have relied on adding components to the solution. For example, the addition of 7 M
ammonium acetate has been shown to reduce sodium adduction to proteins.10 Crown
ethers, such as 18-crown-6 (18C6), have been shown to reduce alkali metal adduction on
biomolecules by preferentially coordinating with the alkali metals.18 Recently, the
addition of supercharging reagents, such as 2.5% sulfolane and 1.5% m-nitrobenzyl
alcohol (m-NBA) have been shown to reduce sodium adduction in ESI.19 The addition of
organic solvents to the solution has also been shown to reduce alkali ion adduction to
proteins, although protein denaturation can also occur.20,21,22
An alternative to altering the ESI or nESI bulk solution is to introduce reagent
vapor into the countercurrent curtain gas, or desolvation gas, to alter the solution
composition of the charged droplets. Incorporating acidic vapors, such as HCl, into the
desolvation gas has been shown to reduce metal counter-ions present on oligonucleotides
in the negative polarity while maintaining noncovalent interactions, such as that of a
small interfering RNA (siRNA) duplex.23 In this case, the vapors alter the pH of the
droplets resulting in the displacement of sodium counter-ions with protons. The addition
of acidic vapors to the desolvation gas has also been applied to proteins in the positive
polarity and is effective in reducing alkali metal ion adduction. However, evidence for
some degree of protein denaturation has been noted due to unfolding on the millisecond
time scale.24 Exposing desolvating nESI droplets to organic vapors, such as acetonitrile,
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in the atmospheric interface has also been reported to reduce alkali metal ion adduction in
myoglobin,25 although the mechanism by which metal ions are removed is less obvious
than with the addition of Brønsted acids and has not been discussed. The exposure of
electrospray droplets to seeded vapors is an aspect of Bruker’s CaptiveSpray
nanoBoosterTM technology.26 The goal of the present study is to explore further the
curious phenomenon of reduction of metal ion incorporation into protein ions via the
exposure of electrospray droplets to organic vapors with the objective to provide insights
into the underlying mechanism.

2.2 Methods

2.2.1 Materials
Methanol, isopropanol, ethyl acetate and acetone were purchased from Avantor
Performance Materials (Center Valley, PA). Ethanol was purchased from KOPTEC
(King of Prussia, PA). Equine skeletal muscle myoglobin, cytochrome c from bovine
heart, acetonitrile, sulfolane, 18-crown-6, sodium chloride, ammonium bicarbonate, and
ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO). All samples
were used without further purification. Protein solutions were prepared in 18 MΩ purified
H2O obtained using a NanoPure ultrapure water system from Barnstead/Thermolyne
Corp (Dubuque, IA). Final protein concentrations were approximately 10 μM.
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2.2.2 Apparatus and Procedures
All experiments were performed using a prototype version of a QqTOF tandem
mass spectrometer (Q-Star Pulsar XL, Sciex, Toronto, ON, Canada) previously modified
to allow for ion trap CID and ion/ion reactions.27 This instrument is of Q0Q1Q2-TOF
geometry where Q0 is a transmission quadrupole/linear ion trap, Q1 is a mass-resolving
quadrupole mass filter, and Q2 is a pressurized quadrupole collision cell/linear ion trap.
Nanoelectrospray emitters were pulled from borosilicate glass capillaries with 1.5 mm
o.d. and a 0.86 mm i.d. using a Flaming/Brown micropipette puller (Sutter Instrument
Co., Novato, CA). The nanoelectrospray assembly consists of a microelectrode holder
with a platinum wire that is inserted into the capillary.28 The voltage applied to the wire
for nanoelectrospray was 1.2-1.3 kV. The apparatus designed to introduce reagent vapor
with the curtain gas into the interface has been described previously.29 Using a metering
valve, a desired amount of N2 gas is directed across a 125 mL Erlenmeyer flask
containing 5-6 mL of the reagent. A secondary N2 gas flow, controlled using a second
metering valve, is used to bring the total flow rate of curtain gas/reagent vapor to 1.1
L/min as measured using a flow meter (Figure 2.1). The percentage of reagent vapor in
the curtain gas denotes the percentage of curtain gas allowed to flow over the flask with
the total flow of curtain gas/reagent vapor being 1.1 L/min. In order to have similar vapor
concentrations in the curtain gas for various reagents, the percentage of gas flow over the
flask is adjusted based on the relative vapor pressures of the reagents. The N2 flow rate
over the flask containing the reagent is normalized to an N2 flow rate of 0.53 L/min over
isopropanol, which has a vapor pressure of 33 Torr,34 as described by the following
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reelationship where
w
x is th
he N2 flow rate over thhe flask conttaining reaggent with a vvapor
prressure of y Torr:
0.53
0

33
3

(22.1)
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Samples were ionized via nanoelectrospray ionization (nESI), and metering
valves were used to regulate the vapor flows as desired. For a given reagent
concentration, the reagent vapor entrained in the N2 gas is given approximately 5 minutes
to equilibrate within the interface. In this 5 minute equilibration period, N2 gas is flowing
into and out of Erlenmeyer flask containing reagent vapors via tubing inserted into a
rubber stopper. Presumably, this is the amount of time required for the exposed surfaces
to become saturated with adsorbed reagent.

2.2.3 Data Analysis
Mass spectra were deconvoluted using Analyst Biotools software. The error for
the holomyoglobin abundance-weighted average charge state calculation is derived from
the standard deviation of the value calculated for four spectra (Table 2.1). The error for
the calculation of the percentage of protonated peaks observed for the three most
abundant charge states using various reagent vapors is derived from the standard
deviation of the value calculated for four spectra (Table 2.1). The data presented in Table
2.1, Figure 2.4, and Figure 2.5 were collected on the same day using the same capillary
tip to minimize error.

2.3 Results and Discussion

2.3.1 Various NaCl Concentrations in the Positive Polarity
Holomyoglobin (i.e., the non-covalently bound heme-myoglobin complex)
solutions of varying salt concentration are used to illustrate the effectiveness of
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acetonitrile vapor exposure for reducing sodium ion adduction while preserving the noncovalent complex. Figure 2.2 shows deconvoluted ‘zero charge’ positive ion mass spectra
of 10 μM holomyoglobin aqueous solutions of 10 mM ammonium acetate containing 0
μM added NaCl (a), 10 μM added NaCl (b), 100 μM added NaCl (c), and 1 mM added
NaCl (d) without vapor exposure.

The corresponding deconvoluted mass spectra

acquired with exposure to 20% acetonitrile vapor in the counter-current drying gas of the
atmosphere-vacuum interface are given in Figures 2.2e-h, respectively. When no NaCl is
added to solution, the holomyoglobin is highly adducted to sodium adducts mainly due to
the presence of sodium in the glass capillaries and the use of protein without further
purification (Figure 2.2a, Figure 2.3a). The spectra from which the deconvoluted spectra
were derived, show a slight shift in charge state distribution from (+9 to +7) without
vapor exposure to (+9 to +6) after vapor exposure, are given in Figure 2.3. It is clear that
exposure of the nESI plume to acetonitrile vapor can lead to a remarkable reduction in
sodium ion adduction. It is also noteworthy that there is little evidence for protein
denaturation upon exposure to the organic vapors, which would be reflected by loss of
the heme group with a concomitant increase in signal of apomyoglobin and by a
significant increase in charge states. These denaturation phenomena were noted when
nESI droplets of holomyoglobin solutions were exposed to acidic vapors.30 Rather, the
leak-in of acetonitrile results in a relatively small decrease in average charge state.
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Figure 2.3 Po
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ethanol, isopropanol, acetone, and ethyl acetate (Figure 2.5). Table 2.1 lists various
properties of these molecules, such as vapor pressure and proton affinity, along with an
estimate of the %vapor exposed to the droplet and the percentage of [M+nH]n+ ions
observed in the three most abundant charge states, or %Protonation, as determined by
Equation 2.2 where P is the protonated peak abundance and A is the alkali metal adducted
peak abundance:
%

∑
∑

100%

(2.2)

The latter value provides a relative measure of the extent of the reduction of sodium ion
adduction in the various experiments. These values must be compared with care in that
the number densities of the vapors in the various experiments may differ due to
differences in vapor pressures. The percentage of N2 flow over the flask was varied for
each vapor in an attempt to account for differences in vapor pressures. Nevertheless,
while all of the organic vapors listed in Table 2.1 result in a reduction in sodium ion
adduction, there is some variation in the effectiveness of the various vapors for this
purpose.
In Figure 2.4, the introduction of vapor into the curtain gas stabilizes the
holomyoglobin complex as seen in the reduction of apomyoglobin peaks as compared to
the use of no reagent vapor in the curtain gas (Figure 2.4a and d). The organic vapors
presumably stabilize the noncovalent holomyoglobin complex via a mechanism proposed
by Klassen et al. in which imidazole vapors were used to stabilize the noncovalent
complex between trypsin and its inhibitor benzamidine.31 The organic vapors bind
nonspecifically to the holomyoglobin and as the bound vapors are removed due to
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collisions, the noncovalent holomyoglobin complex is stabilized via evaporative
cooling.31

Table 2.1 Vapor pressure, gas phase proton affinity, and the percentage of vapor utilized
in the curtain gas. The holomyoglobin abundance-weighted average charge state and the
percentage of protonated peaks observed for the three most abundant charge states upon
vapor exposure to nanoESI droplets are calculated for respective reagent vapors.
Reagent
Vapor

Vapor
Pressure at
20°C
(Torr)
17.5a
97.48b
43.89b
33c
184.5d
69.95e
73.84f

Gas Phase
Proton
Affinityg
(kJ/mol)
493.8
691.
754.3
776.4
793.0
812.
779.2
835.7

%Vapor in
the
Curtain
Gas*
87
16
35
47
8.8
20
20

Holomyoglobin
AbundanceWeighted Average
Charge State
8.51 ± 0.03
7.72 ± 0.02
7.43 ± 0.01
7.17 ± 0.02
7.02 ± 0.01
7.64 ± 0.01
7.57 ± 0.01
7.74 ± 0.01

%Protonation
for Three Most
Abundant
Charge States
6±1
18 ± 1
21 ± 1
27 ± 1
26 ± 1
52 ± 1
56 ± 1
53 ± 1

N2
H2O
Methanol
Ethanol
Isopropanol
Acetone
Acetonitrile
Ethyl
Acetate
a
Ref 32. b Ref 33. c Ref 34. d Ref 35. e Ref36. f Ref37. g Ref 38.
*The percentage of vapor in the curtain gas refers to the percentage of the N2 curtain gas
allowed to flow over a flask containing the respective reagent vapors relative to the total curtain
gas flow rate of 1.1 L/min.

2.3.3 Proposed Mechanism of Metal Removal
Given that the organic vapors employed here are neither strongly acidic nor basic,
the mechanism by which alkali ion reduction occurs is not likely to involve major
changes in pH, as is the case with exposure to gaseous acids or bases. In any case,
reduction in sodium ion adduction is readily observed with buffered solutions (see Figure
2.1). An important clue may be revealed in the low mass-to-charge (m/z) region of the
spectra shown in Figure 2.4g-i. In the absence of organic vapor exposure and with
exposure to water vapor, fairly relatively low levels of ions are observed over the range

47
of m/z 40-260 (Figure 2.5). (Note that the low m/z data were collected using a low mass
cut-off in Q1 and Q2 of m/z 40.) When organic vapors are admitted, clear signals are
noted for alkali ion-containing adducts such as, for example, H+Na+(CH3OH)5,
Na+(CH3CN), and Na+(CH3CN)2. (Figure 2.4h-i). Sodiated and potassiated vapor cluster
ions were also observed in the low m/z range for ethanol, isopropanol, acetone, and ethyl
acetate in conjunction with a decrease in alkali metal adduction present on
holomyoglobin protein ions observed at the high m/z range (Figure 2.5).

This

observation, along with others described below, lead us to hypothesize that the alkali ion
reduction due to organic vapor exposure has more to do with mechanistic aspects of ion
formation in electrospray than with equilibrium partitioning of ions within the
electrospray droplets.39,40 The latter effect, for example, is a plausible explanation for
how the exposure to acids can reduce alkali ion adduction via a reduction in pH and the
concomitant displacement of alkali ions by protons within the droplet.23 An analogous
argument might be that the equilibrium partitioning of the alkali ions between the
polypeptide and the solvent is shifted in the direction of the solvent when the organic
molecules are introduced. However, species, such as NaCl or NaBr, are more soluble in
water than methanol solvent,41 yet the leak-in of methanol clearly reduces sodium ion
adduction to holomyoglobin (see Figures 2.4b and e).

An alternative explanation

correlates better with the data, but requires a brief discussion of mechanistic aspects of
the electrospray process.
The process of electrospray begins with densely charged micrometer-sized
droplets that are ejected from a Taylor cone. Solvent evaporation occurs until the excess
charge on or near the droplet surface is sufficiently high that the Rayleigh limit is
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reached, leading to droplet fission into smaller nanometer-sized progeny droplets.42 With
further evaporation, the progeny droplets can undergo repeated fission events.
Eventually, the charge condenses onto analyte species that undergo the final stages of
desolvation in the interface or within the mass spectrometer. This process is referred to
as the charged residue mechanism (CRM). The CRM is generally accepted to be the
dominant process for native proteins, such as the holomyoglobin ions described here,
whereby the excess charges on the nanometer sized droplet condense on the
protein.32,43,44,45,46,47 Another mechanism by which the charged droplet can relieve the
repulsive surface charge is via field emission of small ions in a process referred to as the
ion evaporation mechanism (IEM).48,49 We note that a process for protein ion formation
that provides another means for relieving surface charge, referred to as the chain ejection
mechanism (CEM), has recently been introduced to account for the generation of highly
charged ions from denatured proteins.50,51,52 In this scenario, denatured proteins can
undergo an extrusion-like process in which they can accumulate charge as they exit a
charged droplet. This process bears some commonalities with the asymmetric charge
partitioning phenomenon noted for the dissociation of multiply-charged gas-phase protein
complexes.53 While the CEM process is probably not important in the data reported
above, we hypothesize that both the IEM and CRM processes are active in generating the
ions shown in Figure 2.4 and ultimately account for the observed reduction of alkali ion
adduction to the protein ions. Organic vapor exposure and subsequent interaction with
the alkali ions at the droplet surface is hypothesized to generate alkali-organic cluster
ions that can readily undergo IEM. This provides a mechanism for alkali ion removal
from the droplets that eventually gives rise to holomyoglobin ions via the CRM
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mechanism. Recently, Konermann et al. performed molecular dynamics simulations and
experiments in both polarities to demonstrate the formation of NanClm(n-m)+ cluster ions
via the CRM and hydrated Na+ or Cl- clusters via the IEM.54 Experimental evidence for
the operation of both IEM and CRM mechanisms in the ESI of formamide solutions of
tetraheptylammonium bromide has been described.55 A model of combined IEM and
CRM in the electrospray ionization for proteins has been presented.56

These results

support the notion that both IEM and CRM can be operative in parallel and we propose
that the vapor exposure results are most readily rationalized on this basis. In this case, we
posit that exposure of the charged aqueous droplets to organic vapor enhances the ion
evaporation rates of alkali-containing ions. For ion evaporation of solvated alkali ions to
be enhanced under organic vapor exposure conditions implies that the rates for ion
evaporation of the metal-containing ions are competitive with or greater than those of
other ions that might evaporate from the charged droplets. A number of factors go into
determining the ion evaporation rate for a given system,46,47,53,57,58 including, for example,
ion and droplet size, ion and droplet charge, solvent composition, and factors related to
droplet deformation.55 The solvation energy of the ion is also an important factor.53 The
vapor exposure experiment can, in principle, affect several of the factors that underlie the
ion evaporation rate. Clearly, it alters the identities of the ions observed in the low m/z
region. We hypothesize that vapor exposure leads to a metal ion solvation sphere that has
a lower solvation energy than a purely aqueous solvation sphere.

The fact that

acetonitrile, acetone, and ethyl acetate appear to be more effective at reducing alkali ion
adduction than methanol, ethanol and isopropanol (see Table 2.1) may be related to the
fact that the alcohols can engage in more extensive hydrogen bonding with the solvent
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which the electrospray fissioning/ion desorption processes occur due to the exposure of
the droplets to vapors. This effectively increases the integration time over which ion
evaporation can occur. While there appears to be greater ion evaporation of sodium
containing species in the organic vapor exposure experiments, evaporation of sodium
containing ions in the water-only experiment is also enhanced.

2.3.4 Absence of Metal Removal in the Negative Polarity
As mentioned above, a plausible alternative interpretation might be that all ions
are generated by the CRM and that the organic vapor simply shift alkali ion binding to
other species. If so, organic vapor exposure might also be expected to reduce alkali ion
adduction to proteins in negative ion ESI. On the other hand, alkali cation removal via
IEM would not be expected in the negative mode unless the alkali ions were bound with
excess anions. A solution of 10 μM holomyoglobin in 1 mM ammonium acetate was
ionized in the negative polarity via nESI with the droplets exposed to no vapor, 16%
methanol vapor, and 20% acetonitrile vapor. In the negative polarity, the reagent vapor
additives did not reduce alkali metal adduction to holomyoglobin and no corresponding
vapor clusters containing alkali ions were observed (see Figure 2.7 for a summary of
these experiments). The spectra obtained at the low m/z range with and without vapor
additives were similar with an acetate anion peak present from the ammonium acetate
buffer and a formate anion peak originating from the holomyoglobin stock.
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Figure 2.7 Neegative nESII mass specttra of holom
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t red filled
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denoted with the red open
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containing 1 mM 18C6 to acetonitrile further reduces sodium ion adduction (compare
Figure 2.8c to Figure 2.8d). However, the difference between vapor exposure without
18C6 (Figure 2.8b) to the experiment with 18C6 (Figure 2.8d) is marginal. The main
difference is that there is a small 18C6 adduct observed in the latter experiment. It is also
noteworthy that potassium ion adduction is more apparent after acetonitrile vapor
exposure. This observation indicates that the vapor exposure technique may be more
effective for sodium ions than for potassium ions.
Figure 2.9 shows some of the data acquired at low m/z in the experiments
described above. Very little ion signal was observed in the lower m/z region for the
experiment with no added 18C6 and no vapor exposure (Figure 2.4g). Upon exposure to
acetonitrile vapor (Figure 2.9a), clusters of ammonium, sodium, and potassium with
acetonitrile are apparent, in analogy with the data of Figure 2.4i. (Note that the low m/z
data were collected using a low mass cut-off in Q1 and Q2 of m/z 40.) When 18C6 is
present in solution and no acetonitrile vapor is present (Figure 2.9b), primarily 18C6
fragments are observed due to harsh interface conditions. For more information about
ammonium adducted 18C6 fragmentation, Brodbelt et al. provide a helpful paper.65
When acetonitrile vapor is introduced to the spray of the solution containing 1 mM 18C6,
the dominant ions at low m/z are [18C6+NH4]+ and alkali metal ion adducts of
acetonitrile, mainly Na+(CH3CN)2 (Figure 2.9c). The acetonitrile vapors stabilize the
18C6 molecule as seen in the reduction or absence of 18C6 fragments and the presence of
intact ammonium adducted 18C6 (Figure 2.9c) as compared to the use of no vapor in the
curtain gas (Figure 2.9b). The acetonitrile vapors maintain the [18C6+NH4] + presumably
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were collected using a low mass cut-off in Q1 and Q2 of m/z 40.) The acetonitrile
exposure has a significant impact on the low mass ions generated from the sulfolane
solution additives. These results are consistent with the acetonitrile cluster ions being
formed somewhat earlier in the ESI process than the sulfolane cluster ions. As a result,
the sodium ion concentration is reduced when the protein and sulfolane ions are formed.

2.4 Conclusions
The exposure of organic vapors, such as acetonitrile, small alcohols, acetone, and
ethyl acetate to electrospray droplets reduces alkali metal adduction to protein ions in the
positive polarity. The sodium ion removal from protein ions via exposure to acetonitrile
vapor appears to be as effective as the addition of 2.5% sulfolane and more effective
than the addition of 1 mM 18C6. We hypothesize the mechanism to involve the removal
of alkali metal ions via ion evaporation of alkali cation/organic clusters before the protein
ions are formed via the charged residue mechanism. This reinforces previously proposed
models for the involvement of both ion evaporation and charged residue mechanisms in
the ESI of native proteins.54 This work suggests that exposure of aqueous charged
droplets to organic vapor can generate alkali-ion containing species with relatively high
ion evaporation rates. In this picture, association of the alkali metals with the organic
molecules introduced via vapor exposure presumably reduces the activation energy for
ion evaporation relative to the purely aqueous environment.

Differences in such

activation energies may account for differences in the extent of sodium removal for
different vapors. For example, the barriers for ion evaporation for acetonitrile, acetone,
and ethyl acetate adducts would be expected to be lower than those of water, methanol,
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ethanol, and isopropanol, which can engage in more extensive hydrogen bonding, since
the polar protic species are less effective in reducing metal ion adduction. Collectively,
the observations are less consistent with a mechanism that involves differences in ion
partitioning within the droplet with roughly concurrent ionization of both protein ions and
low mass ions. The absence of an effect in the negative ion polarity, where there is no
evidence for low m/z metal containing ions, for example, is consistent with the ion
evaporation picture in the positive mode. In experiments with the solution additive 18C6,
the acetonitrile vapor bind to sodium while 18C6 binds to ammonium suggesting that the
formation of acetonitrile/alkali metal ions is primarily responsible for the reduction of
sodium in the droplet as compared to 18C6. Furthermore, experiments with the relatively
involatile solution additive sulfolane suggest that, for example, the sodium ion adducts of
acetonitrile are formed earlier in the electrospray process than those of sulfolane. This
does not preclude ion evaporation from playing a role in the reduction of sodium ion
adduction with the solution additives. Rather, it simply suggests that ion evaporation
rates of alkali ions are greater in the case of vapor exposure.
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CHAPTER 3 ELECTROSPRAY DROPLET EXPOSURE TO POLAR VAPORS:
DELAYED DESOLVATION OF PROTEIN COMPLEXES

3.1 Introduction
Electrospray ionization1 (ESI) has facilitated the characterization of a variety of
non-covalent assemblies via mass spectrometry (MS).

Some of the biomolecular

interactions investigated via ESI-MS include protein-protein,2,3,4,5 protein-inhibitor,6,7
protein-DNA,8,9 and antibody-antigen associations.10 ESI-MS is generally used to
measure intact complex mass, which is useful in determining, for example, the
stoichiometry of a complex.11,12 Often these complexes are very fragile and the optimal
MS conditions to generate and transmit these complexes differ from those that provide
the greatest signal levels for other systems.13
Once ESI or related methods, such as nanoelectrospray ionization (nESI), produce
complex ions, these non-covalently bound systems must be preserved upon transit into
and through the mass spectrometer until detection. ESI interface conditions must be
optimized to adequately desolvate the complex ion without dissociation.11 Smith et al.
observed that the extent of desolvation for a particular non-covalent complex, viz. water
solvated somatostatin, can be manipulated by varying the temperature of an ion inlet
capillary and/or via collisional activation of the complex by applying a capillary-skimmer
voltage difference.13 Additionally, the introduction of a desolvation or drying gas can
stabilize non-covalent complexes as observed with the concanavalin A tetramer and
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dimer.3 The addition of divalent metals, such as Mg2+ and Ca2+, has been found to
stabilize the non-covalent hemoglobin complex mainly via the formation of chelation
bridges between carboxylate groups within the protein.14 However, the addition of
monovalent metals, such as K+, Rb+, and Cs+, to solution has no stabilization effect.14
Recently, the addition of imidazole, either into solution or into the desolvation
gas, has been shown to stabilize the complex between trypsin and its inhibitor
benzamidine.

This observation has been rationalized by evaporative cooling of the

complex caused by dissociation of nonspecifically bound imidazole adducts in the ion
source.15,16 To ensure that the gas-phase non-covalent complexes observed were similar
to those observed in solution, the binding affinity was measured and determined to be
similar to that observed in solution.15 Additionally, the exposure of acetonitrile vapors to
desolvating nESI droplets in the atmospheric interface has been shown to stabilize the
trypsin-benzamidine complex.17

The stabilization observed while employing these

vapors was attributed to a reduction in the charge states of the ions, thereby reducing
Coulombic repulsion.17 Williams et al. observed a similar protein charge state reduction
for cytochrome c when utilizing organic vapor additives, and suggested that the reduction
in protein charge state may be related to the gas-phase basicity of the organic vapor
introduced into the atmospheric interface.18
The goal of the present study was to probe the mechanism(s) by which organic
vapors interact with nESI droplets to ‘stabilize’ non-covalent protein complexes. A
variety of reagent vapors and concentrations of vapors in the curtain gas were studied to
correlate vapor identity and concentration with the stabilization of non-covalent
complexes.
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3.2 Methods

3.2.1 Materials
Equine

skeletal

muscle

myoglobin,

human

hemoglobin,

acetonitrile,

TraceSELECT H2O, ammonium bicarbonate, and ammonium acetate were purchased
from Sigma-Aldrich (St. Louis, MO). Methanol, acetone, and isopropanol were
purchased from Avantor Performance Materials (Center Valley, PA). Ethanol was
purchased from KOPTEC (King of Prussia, PA). All samples were used without further
purification. Protein solutions were prepared in ammonium acetate (1 mM) or ammonium
bicarbonate (1 mM) and 18 MΩ purified H2O obtained using a NanoPure ultrapure water
system from Barnstead/Thermolyne Corp (Dubuque, IA). Final protein concentrations
were 10 μM.

3.2.2 Apparatus and Procedures
All experiments were performed using a prototype version of a QqTOF tandem
mass spectrometer (Q-Star Pulsar XL, Sciex, Toronto, ON, Canada) modified to allow for
ion trap CID and ion/ion reactions.19 Nanoelectrospray emitters were pulled from
borosilicate glass capillaries with 1.5 mm o.d. and a 0.86 mm i.d. using a Flaming/Brown
micropipette puller (Sutter Instrument Co., Novato, CA). The nanoelectrospray assembly
consists of a microelectrode holder with a platinum wire that is inserted into the pulled
capillary.20 The voltage applied to the wire for nanoelectrospray was 1.0-1.2 kV. All
samples were ionized via nanoelectrospray ionization (nESI). The ions were trapped in
the q0 quadrupole for 50 ms unless otherwise noted.
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The apparatus used to introduce reagent vapors with the curtain gas into the
interface has been described previously.21 For all reagent vapor introduction studies, the
reagent (5-6 mL) was placed into a 125 mL Erlenmeyer flask. A metering valve was used
to direct a selected amount of N2 gas across the flask containing the reagent. The head
space vapors of the reagent were entrained with the N2 flow. A secondary N2 gas line
controlled by a second metering valve was used to bring the total flow of N2 gas/reagent
vapor to 1.1 L/min. This N2 gas/reagent vapor mixture was introduced as the curtain gas
and interacted with the nanoelectrospray droplets between the curtain plate and orifice of
the QqTOF instrument (Figure 3.1). Under these conditions, charged droplets/ions travel
through the curtain gas and into the sampling orifice within 1 ms.22

Table 3.1 Selected physical properties of reagents utilized in this study. The
holomyoglobin abundance-weighted average charge state and the percentage of intact
holomyoglobin observed in spectra upon utilizing these vapors in the curtain gas is also
included.
Reagent Vapor

Vapor
Pressure at
20°C (Torr)

Vapor
Percentage in
Curtain Gas (%)

Gas Phase
Basicity
(kJ/mol)23

Holomyoglobin
Abundance-Weighted
Average Charge State, qave

Percentage of
Intact
Holomyoglobin
(%)

N2
H2O
Methanol
Ethanol
Isopropanol
Acetonitrile
Acetone
Ethyl Acetate

17.5324
97.4825
43.8927
3326
69.9527
184.528
73.8429

87
16
35
47
20
8.8
20

464.5
660.0
724.5
746.
762.6
748.
782.1
804.7

8.4 ± 0.1
7.6 ± 0.1
7.4 ± 0.1
7.2 ± 0.1
7.0 ± 0.1
7.5 ± 0.1
7.5 ± 0.1
7.7 ± 0.1

36 ± 4
99 ± 1
99 ± 1
99 ± 1
99 ± 1
98 ± 1
98 ± 1
98 ± 1

The percentage of reagent vapor in the curtain gas denoted in the figures below is
the percentage of curtain gas permitted to flow over the flask with the total flow of
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0.53

(3.1)

33

The reagent vapors entrained in the N2 gas were given approximately 5 minutes to
achieve a steady-state condition prior to data collection. This period of time was
sufficient to yield time-invariant mass spectra.

3.2.3 Data Analysis
The percentage of holomyoglobin present in spectra was determined by initially
deconvoluting the spectra using Analyst Biotools software (AB Sciex, Concord, ON),
then using a program written in MATLAB to sum apomyoglobin-containing peaks
between 16800 and 17400 Da and holomyoglobin-containing peaks between 17500 and
18500 Da present in the deconvoluted spectra. These holomyoglobin and apomyoglobin
summations were used to calculate the percentage of holomyoglobin, using Equation 3.2
where H is the holomyoglobin intensity and A is the apomyoglobin intensity:
100%

(3.2)

In Table 3.1, three deconvoluted spectra are averaged to determine the percentage of
holomyoglobin and the error is the standard deviation of the three values. Additionally, in
Table 3.1, the holomyoglobin abundance-weighted charge state, qave, was determined by
averaging the values determined for three spectra with the respective error being the
standard deviation of the three qave values.
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3.3 Results and Discussion

3.3.1 Stabilization of Noncovalent Complexes using Vapors
Several factors influence the likelihood for detecting a non-covalent complex as it
ionizes, enters, and travels through the mass spectrometer. These factors include the
nature and strength of the non-covalent interactions,11 the atmosphere-vacuum interface
voltages,30 and, possibly, transmission conditions within the mass spectrometer.31 The
non-covalent protein complexes investigated in this paper, viz. holomyoglobin and
hemoglobin, are expected to be “pre-assembled” in solution, in contrast to those noncovalent complexes formed by mixing two species together in solution at relatively high
concentrations, e.g. trypsin and benzamidine, in which non-selective binding in the last
stages of the electrospray process can possibly contribute to the population of observed
complexes.15,16,17 The holomyoglobin complex contains a non-covalently attached heme
group that can be removed to form apomyoglobin. To investigate the degree to which
vapors can stabilize the holomyoglobin complex under moderately high nozzle-skimmer
voltage gradients, a solution of holomyoglobin in 1 mM aqueous ammonium acetate was
ionized via nESI in the positive polarity with droplet exposure to no reagent vapor
(Figure 3.2a), water vapor (87%) (Figure 3.2b), methanol vapor (16%) (Figure 3.2c),
ethanol vapor (35%) (Figure 3.2d), isopropanol vapor (47%) (Figure 3.2e), acetonitrile
vapor (20%) (Figure 3.2f), acetone vapor (8.8%) (Figure 3.2g), and ethyl acetate vapor
(20%) (Figure 3.2h). The percentage of curtain gas allowed to flow over the flask
containing the respective reagent was selected based on the relative vapor pressures of
the reagent (Table 3.1, Equation 3.1).

The interface voltages applied to the
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observed in the spectrum (Figure 3.2a). The presence of vapor in the curtain gas
significantly stabilizes the holomyoglobin complex, as reflected by the reduction and/or
absence of apomyoglobin peaks compared to the spectrum obtained with no vapor
exposed to nanoelectrospray droplets (Figure 3.2). When water, methanol, ethanol, or
isopropanol vapors are added to the curtain gas, the fraction of holomyoglobin is unity in
contrast to the use of no reagents in the curtain gas where only 55% of the complex is
preserved. Acetone, acetonitrile, and ethyl acetate vapors (Figures 3.2f-h, respectively)
also stabilize the holomyoglobin complex, but result in a broader distribution of charge
states relative to the polar protic vapors (Figures 3.2b-e) and show evidence for small
signals from apomyoglobin ions.

3.3.2 Stabilization of Hemoglobin using Ethanol Vapors
Hemoglobin is a non-covalent complex comprised of two α chains and two β
chains with each chain non-covalently bound to a respective heme group.32 To investigate
the effect of vapor exposure on this system, a solution of 10 μM hemoglobin in 1 mM
ammonium acetate was ionized via nESI in the positive polarity with no droplet exposure
to reagent vapor (Figure 3.3a) and with droplet exposure to ethanol vapor (6.2%) (Figure
3.3b). The spectrum obtained without ethanol vapor exposure (Figure 3.3a) is dominated
by protein monomer ions, presumably due, at least in part, to fragmentation of complex
ions upon ion transfer into the mass spectrometer. Broad signals that are consistent with
the tetramer +16 to +18 charge states are observed at low abundance indicating that at
least some of the intact tetramer is present in solution. Exposure of the hemoglobin spray
to ethanol vapor (Figure 3.3b) resulted in a noticeable increase in the abundances of ions
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that the energy required to remove the relatively strongly bound imidazole adducts from
the complex served as a form of evaporative temperature stabilization that serves to
prevent excessive heating of the non-covalent complex as it is desolvated in the interface.
It has been noted by several authors and reinforced here, however, that the addition of a
wide range of vapors in the desolvation gas, including water vapor, as demonstrated in
this work, can stabilize non-covalent complex ions.

3.3.3 Altering the Concentrations of Vapor
Figures 3.4 and 3.5 summarize the effect of added vapor concentration in the
curtain gas using ethanol and water as illustrative cases. Spectra were collected while
varying the amount of curtain gas allowed to flow over an Erlenmeyer flask containing
either ethanol or water. Ethanol vapor flows of 0%, 6.2%, 11%, 23%, 42%, 65%, 89%,
and 100% were introduced with a constant total curtain gas flow rate of 1.1 L/min. The
addition of ethanol vapor to the N2 curtain gas results in the relative decrease of
apomyoglobin peaks with a corresponding increase in holomyoglobin peaks (Figure 3.4bh) observed in the spectra as compared to the condition in which no reagent vapor is
added to the curtain gas (Figure 3.4a). Increasing the concentration of ethanol in the
curtain gas from 0% to 6.2%, for example, increased the percentage of intact
holomyoglobin from 66% to 97% (Figure 3.4a-b). Increasing the concentration of ethanol
to 42% resulted in the elimination of apomyoglobin peaks altogether without a significant
loss in holomyoglobin signal (Figure 3.4e). However, as the ethanol concentration was
increased further, total holomyoglobin signal decreased, as reflected in the results of
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Figure 3.4f-h. Similar qualitative concentration-dependent behavior was also noted with
the other vapors.
The influence of various concentrations of water vapor in the curtain gas was also
investigated. Spectra were collected while adjusting the amount of curtain gas allowed to
flow over an Erlenmeyer flask containing water. Water vapor flows of 0%, 6.2%, 11%,
16%, 18%, 28%, 42%, 65%, 77%, and 100% were introduced with a constant total
curtain gas flow rate of 1.1 L/min (Figure 3.5). The addition of water vapor to the N2
curtain gas results in the relative decrease of apomyoglobin peaks with a corresponding
increase in holomyoglobin peaks (Figure 3.5b-j) observed in the spectra as compared to
the condition in which no reagent vapor is added to the curtain gas (Figure 3.5a).
Increasing the concentration of water in the curtain gas from 0% to 6.2%, for example,
increased the percentage of intact holomyoglobin from 65% to 95% (Figure 3.5a-b).
Increasing the concentration of water to 65% resulted in the removal of apomyoglobin
peaks altogether without a notable loss in holomyoglobin signal (Figure 3.5h). When the
water concentration was increased further, total holomyoglobin slightly signal decreased,
as reflected in the results of Figure 3.5h-j. However, generally the addition of water vapor
to the curtain gas increased holomyoglobin signal intensity (Figure 3.5a-j).

77

Figure 3.4 Positive
P
nES
SI spectra of
o holomyooglobin preppared in am
mmonium accetate
1mM) with (a)
( no vaporr exposure, (b)
( ethanol vvapor exposuure (6.2%), (c) ethanol vvapor
(1
ex
xposure (11%
%), (d) ethan
nol vapor ex
xposure (23%
%), (e) ethannol vapor expposure (42%
%), (f)
etthanol vaporr exposure (65%),
(
(g) etthanol vaporr exposure ((89%), and ((h) ethanol vvapor
ex
xposure (10
00%). The percentage
p
of intact hoolomyoglobbin (Holo) iis listed in each
sp
pectrum. Holomyoglob
H
bin peaks are
a
represennted by thhe blue cirrcles ( ) w
while
ap
pomyoglobin
n peaks aree denoted by
b red trianngles ( ). The qave is the abundanceweighted
w
average charge of the holom
myoglobin ioons.

78

Figure 3.5 Positive nESII spectra off holomyogllobin preparred in ammoonium acetaate (1
mM)
m
with (aa) no vapor exposure, (b) water vvapor exposuure (6.2%), (c) water vvapor
ex
xposure (11%), (d) watter vapor ex
xposure (16%
%), (e) wateer vapor expposure (18%
%), (f)
water
w
vapor exposure
e
(28
8%), (g) watter vapor exxposure (42%
%), (h) wateer vapor exposure
(6
65%), (i) water
w
vapor exposure (7
77%), and (j) water vaapor exposuure (100%).. The
percentage off intact holo
omyoglobin (Holo) is listed in eacch spectrum.. Holomyogglobin
peaks are rep
presented by the blue cirrcles ( ) whhile apomyooglobin peakks are denoteed by
reed triangless ( ). Thee qave is the
t
abundaance-weighteed average charge off the
holomyoglobin ions.

79
3.3.4 Vapor Exposure and the Desolvation Process
The fact that protein complex stabilization is sensitive to the concentration of
added vapor in the nitrogen curtain gas but not particularly sensitive to the identity of the
added vapor leads us to hypothesize that the added vapors lengthen the desolvation
process such that complete desolvation does not take place until the complex ions are
safely transported into the mass spectrometer. In this way, voltage gradients that are
optimum for transmitting charged particles can be used with less likelihood for collisional
dissociation of the complex. This hypothesis was examined via solvent vapor exposure
to nESI droplets derived from a 10 μM holomyoglobin in 1 mM ammonium bicarbonate
solution under various ion transport conditions in the positive polarity. Experiments were
conducted without (Figures 3.6a and 3.6b) and with (Figures 3.6c and 3.6d) trapping the
ions in q0 for 50 ms. The trapping of ions in q0 provides additional time for the ions to
fully desolvate before exiting q0. The data for Figures 3.6a and 3.6b were collected as a
function of the skimmer (SK) and q0 DC offset (q0) voltage difference (range = 0-240 V)
while Figures 3.6c and 3.6d were collected as a function of the q0 DC offset (q0) and
interquad lens (IQ1) voltage difference (range = 0-70 V). The SK-q0 experiments expose
ions to collisional excitation as they enter q0 whereas the q0-IQ1 experiments effect
collisional excitation as they exit q0. The ions in the SK-q0 regions experience both a
pressure gradient (i.e., they exit the 1-2 torr orifice-skimmer region and enter the roughly
10 mtorr q0 region) and a voltage gradient whereas the ions in the q0-IQ1 region are
expected to experience only a voltage gradient as they are introduced to the roughly 10
mtorr pressure in the q0 region. The fraction of intact holomyoglobin ions observed
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results for all experiments summarized in Figure 3.6 indicate that the voltage ranges
examined are sufficient to lead to almost complete dissociation of the holomyoglobin
ions in the absence of added vapor to the nitrogen curtain gas. The data collected by
varying the SK-q0 voltage difference (Figures 3.6a and 3.6c) clearly shows that the
addition of water, ethanol, or acetone vapor to the curtain gas inhibits fragmentation of
holomyoglobin ions in the SK-q0 region even at the highest SK-q0 voltage differences.
The greatest extent of holomyoglobin ions occurred when 11% of the curtain gas was
exposed to ethanol vapor, which is consistent with the observation noted in Figure 3.4
that stabilization of the holomyoglobin complex increases with added vapor
concentration. The observed similar behavior with and without trapping in q0 is expected
because varying the SK-q0 voltage difference probes ions prior to admission into q0.
The lack of holomyoglobin fragmentation in the data of Figure 3.6b indicates that
in the absence of trapping in q0, significant solvation of the holomyoglobin ions due to
exposure to high concentrations of water (63%), ethanol (25%), or acetone (6.2%), vapor
in the curtain gas is retained in the q0-IQ1 region. Exposure to a lower concentration of
ethanol vapor (11%), on the other hand, shows fragmentation behavior that approaches
that of the ions that were not exposed to additional vapor in the curtain gas. When ions
are first trapped for 50 ms in q0 prior to being released into the q0-IQ1 region, similar
dissociation behavior as a function of the q0-IQ1 voltage difference indicates that under
all conditions the ions are largely desolvated prior to release into the q0-IQ1 region.
Collectively, these results lend support to the notion that delayed desolvation of protein
complex ions due to exposure to solvent vapor in the curtain gas protects them while they
are transmitted through voltage gradients that might otherwise lead to collisional
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dissociation of the dry protein complex. The phenomenon is not strongly linked to a
particular solvent, although concentration is clearly important. The addition of vapor to
the curtain gas provides a facile means for manipulating analyte desolvation.

3.3.5 Vapor Exposure and Charge State Distribution
In addition to enhancing the fractional abundance of holomyoglobin ions, every
added vapor was observed to lead to a modest but consistent reduction in the abundanceweighted average charge (qave) of the holomyoglobin ions, as calculated using Equation
3.3:
∑
∑

(3.3)

where N is the number of i charge states observed in a mass spectrum, qi is the net charge
of the ith charge state, and Wi is the signal intensity of the ith charge state.18 The fourth
column of Table 3.1 lists qave values, as determined solely using holomyoglobin signal
independent of apomyoglobin signal, if present, for the data shown in Figure 3.2. When
no reagent vapors were added, the holomyoglobin qave was 8.4 (Figure 3.2a). Upon the
introduction of water vapor, the qave was reduced to 7.6 (Figure 3.2b). For the polar protic
alcohol vapors, the qave decreased slightly as the alcohol size increased (i.e. qave=7.4, 7.2,
and 7.0 for methanol, ethanol, and isopropanol, respectively). The experiments of Figure
3.4, which reflect the ethanol concentration dependence of the fractional abundance of
holomyoglobin ions also show that qave tends to decrease with increasing concentration of
added vapor (see qave values in the figure). Additionally, increasing the concentration of
ethanol vapors in the curtain gas influences the average charge state (qave) of
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holomyoglobin. For example, increasing the concentration of ethanol in the curtain gas
from 6.2% to 42% decreases the qave of holomyoglobin ions from 7.9 to 7.3, respectively
(Figure 3.4b and e). The qave noted in the absence of added vapor was 8.0 in this set of
experiments. A similar experiment was completed using water vapor in the curtain gas
(Figure 3.5). Increasing the concentration of water vapor in the curtain gas generally
decreases the qave of holomyoglobin ions. When the concentration of water vapor in the
curtain gas is increased from 6.2% to 100%, the qave of holomyoglobin ions decreases
from 8.2 to 7.6, respectively (Figure 3.5b, j). In the absence of water vapor, the qave of
holomyoglobin ions is 8.8 (Figure 3.5a). These observations are generally consistent
with a previous study in which nESI droplets containing either the weak non-covalent
complex between trypsin and benzamidine or intact holomyoglobin were exposed to
methanol and acetonitrile vapor, respectively, under gentle sampling conditions.17
Factors that affect charge state distributions in ESI have been discussed for many
years and in a variety of contexts.34 For example, it has long been recognized that charge
state distributions are related to protein conformations in solution35,36,37 and that solution
components can affect the maximum charge state and charge state distribution18.
However, the exposure of nESI droplets derived from aqueous solutions to water vapor is
not expected to alter protein conformations in solution.

Furthermore, there is no

correlation between the gas phase basicities of the solvent vapors used here and the extent
of holomyoglobin charge state reduction.

This would tend to argue against an

interpretation based on proton transfer to solvent molecules at the final stages of
desolvation. We propose that the observed modest reduction in protein complex charge
state is directly tied to the reduction in the rate at which charged droplets dry when
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exposed to vapors of the polar solvents examined here. Various models for the overall
electrospray process combine elements of ion evaporation, Rayleigh fission, and charged
residue formation for the generation of large protein and protein complex
ions.34,38,39,40,41,42,43 Given that exposure of electrospray droplets to polar vapors can
influence the rates of droplet desolvation, the rates for ion evaporation and Rayleigh
fission will also be affected. A reduction in the extent of alkali ion adduction to protein
ions, and those of protein complexes, has also been noted upon exposure of nESI droplets
to polar vapors44,17 and we have presented evidence that the mechanism for this
phenomenon is linked to an enhanced ion evaporation of alkali ion-solvent adducts that
leads to a depletion of alkali ions when charge condenses on the proteins/protein
complexes in the latter stages of the ESI process.45 We posit that the reduction of the
desolvation rate associated with polar vapor exposure increases the time over which small
ion evaporation (collectively) can occur, which thereby leads to charged residues (i.e.,
protein complex ions) of modestly lower charge as a result of there being less charge to
condense on the complex.

3.4 Conclusions
Non-covalent protein complexes are more readily preserved in nESI by
introducing a polar vapor into the curtain gas. This was demonstrated with
holomyoglobin and hemoglobin complexes as reflected in the preservation of
holomyoglobin and the heme-containing dimers and tetramers, respectively, upon vapor
exposure. The mechanism for this phenomenon is tied to the extension of the desolvation
process such that ion transmission through relatively high potential gradients in the
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atmosphere/vacuum interface and within portions of the mass spectrometer takes place
while the complex ions retain solvent. Loss of solvent molecules from the complex
during the collisional excitation that takes place due to ion acceleration in regions of high
collision probability provides a mechanism for dissipation of internal energy so that the
non-covalent interactions within the complex survive. The effect is noted for a range of
polar vapor additives including water, small alcohols, acetonitrile, acetone, and ethyl
acetate. The vapor exposure approach also leads to a modest reduction in abundanceweighted average charge state. This phenomenon occurs for all vapors studied and is
attributed to the reduction in the desolvation rate and a concomitant increase in the time
window over which the evaporation of small ions is favored. This results in a slight
reduction in the charge of the desolvating charged residues from which the protein
complexes emerge. The vapor exposure approach provides readily adjustable means for
modulating the droplet drying process so that conditions for optimal ion transmission can
be used without complications due to collisional dissociation of fragile protein
complexes.
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CHAPTER 4 FORMATION AND CHARACTERIZATION OF VAPOR CLUSTERS
AND VAPOR ADDUCTION TO PEPTIDES

4.1 Introduction
Electrospray ionization (ESI)1 is an ionization technique widely used in mass
spectrometry (MS) to transfer a variety of analytes from solution into the gas phase.
During ESI, a Taylor cone forms in which the electrostatic repulsion reaches the Rayleigh
limit causing a fission that creates droplets, which subsequently fission into smaller
progeny droplets.2 The Rayleigh limit occurs when the net charge QRy is equal to
8
where

/

is surface tension, R is droplet radius, and

(4.1)
is vacuum permittivity.2,3 Solvent

evaporates from the droplets as the droplets fission into smaller droplets until the analyte
molecules are released as gas phase ions.2
There are several mechanisms by which ions are generated during the ESI
process. The generally accepted ionization mechanism for the large molecules and
natively folded, more compact proteins is the charge residue model (CRM), which was
proposed by Dole.4 For the CRM, droplet fission events occur until there is one analyte
within a nanometer sized droplet, which evaporates until dryness where the charge
condenses onto the analyte.2,5 Within the CRM process, the droplets remain close to the
Rayleigh limit suggesting that the droplets shed charge as the droplet radius decreases,
which can be accomplished via droplet fission events or via the ejection of small
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molecular weight ions as denoted as the ion evaporation model (IEM).6,7 These small ions
are generally inorganic or protonated species. The IEM is derived from the fact that the
electric field of a Rayleigh-charged nanodroplet with a radius less than 10 nm is suitable
to desorb small solvated ions from the droplet surface.6 Using transition state theory, the
ejection rate constant k of an ion from a droplet can be described as
exp
where

∆ ∗

is the Boltzmann constant, h is Planck’s constant, ∆

(4.2)
∗

is the free energy of

activation, and T is the droplet temperature. It is theorized that the activation barrier is a
result of opposing forces felt by the solvated ion where (1) solvent polarization attracts
the ion into the droplet and (2) repulsion due to excess charge pushes the ion away from
the droplet.6 Recently, Konermann et al. performed molecular dynamic simulations of
droplets that suggest that the departing ion remains connected to the droplet via a
hydrogen-bonded, or “sticky,” string of solvent molecules.8 The length of the “sticky”
string of solvent molecules depends on the nature of the solvent. Purely aqueous solutions
have a longer solvent bridge than methanol/water mixtures due to the higher surface
tension of water. This solvent bridge breaks as the solvated ion is released from the
droplet.8 The residual solvent molecules are removed from the ion as the ion collides with
gas molecules in the mass spectrometer interface.9 The chain ejection model (CEM) is a
third ionization mechanism suggested for the ionization of polymer chains that are
partially hydrophobic, disordered or extended, and capable of binding excess charge
species.10,11 In other words, this mechanism is the proposed ionization mechanism for
unfolded, or disordered, proteins. As proteins unfold, they become more hydrophobic in
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nature because their hydrophobic residues become exposed as opposed to being hidden
within the protein core away from the aqueous solvent.12 In the CEM, the hydrophobic
character of the polymer chain causes the polymer chain to reside closer to the Rayleighcharged droplet surface.10,13 Eventually, the polymer chain terminus becomes expelled
into the vapor phase and the remainder of the chain is sequentially ejected until the chain
is ionized and completely expelled from the droplet. The CEM is closely related to the
IEM.14
It can be challenging to unambiguously determine the ESI mechanism by which
ions were formed, particularly inorganic ions where the mechanism depends both on the
salt identity and the cluster stoichiometry.15,16,17,18,19,20 When salt solutions are ionized via
electrospray, charged clusters, such as NanClm(n-m)+ are observed.21,22,23,24,25 Conceivably,
smaller anions and cations could be ejected from the charged droplet surface via the
IEM26,27 and larger salt clusters could be ionized via the CRM where they reside in the
droplet until complete solvent evaporation.28,29,30 However, the IEM and CRM are not
accepted as being readily distinguished based on analyte size.31,32 Recently, Konermann
et al. have used molecular dynamic (MD) simulations of the ESI process to investigate
the formation of charged NanClm(n-m)+ cluster ions.33 The MD simulations suggest that
early in the ESI process all ions in the droplet are freely dissolved species, which after a
few nanoseconds at 370 K morph into wet salt aggregates of the form NanClm(n-m)+ that
are ionized via the CRM. Small hydrated Na+ or Cl- ions are ionized via the IEM to allow
the droplet to shed charge as the droplet shrinks in size.33 The formation of inorganic
cluster ions are investigated via MD simulations33,34,35 or experimentally36 to
fundamentally study the ESI process and ion formation mechanisms.
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Besides inorganic salt clusters, solvent-solvent intermolecular bonding37,38 and
solvent-metal39,40 interactions have also been widely studied using computational
chemistry. Not only do these studies have applications within organic synthesis and
physical organic chemistry, but can also be used to better understand how various
solvents solvate analytes to be ionized and analyzed via ESI-MS and the structure of the
respective solvation sphere. Additionally, these computational chemistry studies can be
used to predict the structures of small solvent cluster ions formed via the IEM and
provide insight into the IEM.8 Konermann et al. used MD simulations to model the
ejection of solvated NH4+ from purely aqueous and methanol/water Rayleigh-charged
droplets in the positive polarity.8 The solvated ammonium ion is initially attached to the
droplet via a hydrogen-bonded solvent bridge, which breaks to release the solvated
ammonium ion. The length of this solvent bridge depends on the nature of the solvent
intermolecular bonding interaction.8
Rayleigh-charged droplets can be exposed to vapors, which can alter the
environment at the droplet surface. Bruker has recently patented a technique denoted as
CaptiveSpray nanoBoosterTM where ESI droplets are exposed to nitrogen curtain gas
doped with acetonitrile vapors.41 The exposure of acetonitrile-enriched nitrogen gas to
droplets has several benefits, including enhancing the signal intensity and charge states of
glycopeptides and peptides derived from tryptic digests of proteins.42,43 However,
exposing droplets containing proteins to acetonitrile vapors reduced the final charge on
proteins.44,45 The mechanism by which acetonitrile exposure to droplets reduces the
charge state of proteins, but increases the charge state of peptides has not been elucidated.
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The main goal of this study is to explore the formation of unique doubly charged
cluster ions in the form [nM+H+Na]2+ or [nM+H+K]2+ where M is a solvent molecule
and n=5-7. These clusters are presumably formed via the IEM45 and investigation of their
formation and structure may provide additional insight into the IEM. A second goal of
this study is to investigate the adduction of polar aprotic vapors to peptides in the positive
polarity, which may provide some insight into the formation of charged peptides species
via ESI when the Rayleigh-charged droplets are exposed to vapors.

4.2 Methods

4.2.1 Materials
Isopropanol, ethyl acetate and acetone were purchased from Avantor Performance
Materials (Center Valley, PA, USA). Ethanol was purchased from KOPTEC (King of
Prussia, PA, USA). Equine skeletal muscle myoglobin, acetonitrile, sodium chloride,
TraceSelect water, and ammonium acetate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Potassium chloride was purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ, USA). The model peptide ARAKARA was synthesized by CHI
Scientific (Maynard, MA, USA). The model peptides AKAAAKA and AKARAKARA
were synthesized by Pepnome (Kowloon, Hong Kong, China). The model peptide
KAAAKAAAK was synthesized by CPC Scientific (Sunnyvale, CA, USA). All samples
were used without further purification. Protein and peptide solutions were prepared in 18
MΩ purified water obtained using a NanoPure ultrapure water system from
Barnstead/Thermolyne Corp (Dubuque, IA). Final protein concentrations were
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approximately 10 μM. Final peptide concentrations were 50 μM. The TraceSelect water
was placed into a 125-mL Erlenmeyer flask to dope the curtain gas with water vapors.

4.2.2 Apparatus and Procedures
All experiments were performed using a prototype version of a QqTOF tandem
mass spectrometer (Q-Star Pulsar XL, Sciex, Toronto, ON, Canada) previously modified
to allow for ion trap CID and ion/ion reactions.46 This instrument is of Q0Q1Q2-TOF
geometry where Q0 is a transmission quadrupole/linear ion trap, Q1 is a mass-resolving
quadrupole mass filter, and Q2 is a pressurized quadrupole collision cell/linear ion trap
(Figure 4.1). Nanoelectrospray emitters were pulled from borosilicate glass capillaries
with 1.5 mm o.d. and a 0.86 mm i.d. using a Flaming/Brown micropipette puller (Sutter
Instrument Co., Novato, CA). The nanoelectrospray assembly is comprised of a
microelectrode holder with a platinum wire that is inserted into the capillary. The voltage
applied to the wire for nanoelectrospray was 1.2 kV. The apparatus designed to introduce
reagent vapor with the curtain gas into the interface has been described previously.45,47
Using a metering valve, a desired amount of N2 gas is directed across a 125 mL
Erlenmeyer flask containing 5-6 mL of the reagent. A secondary N2 gas flow, controlled
using a second metering valve, is used to bring the total flow rate of curtain gas/reagent
vapor to 1.1 L/min as measured using a flow meter (Figure 4.2). The percentage of
reagent vapor in the curtain gas denotes the percentage of curtain gas allowed to flow
over the flask with the total flow of curtain gas/reagent vapor being 1.1 L/min (Figure
4.2). Samples were ionized via nanoelectrospray ionization (nESI), and metering valves
were used to regulate the vapor flows as desired. For a given reagent concentration, the
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4.2.4 Abundance-Weighted Charge State Calculations for Peptides
Refer to Equation 3.3 for the abundance weighted charge state (qave) formula. The
intensities of each peptide charge state is obtained by summing the intensities of all
peptide ion species at that respective charge state. The qave values reported for the
peptides in Table 4.1 and Table 4.2 were obtained by averaging the respective qave values
obtained for three spectra with the error being the standard deviation of the three qave
values.

4.3 Results and Discussion

4.3.1 Formation of Selected Vapor Clusters
Exposing Rayleigh-charged droplets to solvent vapors doped in the N2 curtain gas
results in the formation of a variety of dopant cluster ions, which can be protonated,
sodiated ,or potassiated as well as singly or doubly charged.45 These solvent clusters are
most likely formed via the IEM.45 To investigate the effect of concentration of solvent
dopant in the N2 curtain gas on cluster formation, a solution of holomyoglobin in 1 mM
aqueous ammonium acetate was ionized via nESI in the positive polarity with droplet
exposure to no reagent vapor (Figure 4.3a), ethanol vapor (6.2%) (Figure 4.3b), ethanol
vapor (23%) (Figure 4.3c), ethanol vapor (42%) (Figure 4.3d), ethanol vapor (65%)
(Figure 4.3e), and ethanol vapor (100%) (Figure 4.3f). In this experiment, the Q1 low
mass cut off was set to m/z 100 whereas the Q2 low mass cut off was set to m/z 30. Ions
below m/z 100 are observed in Figure 4.3 because the ions were solvated upon entering
Q1, but desolvated prior to entering Q2.
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in intensity by 46% (Figure 4.3 b-c). When the concentration of ethanol vapor is
increased from 6.2% to 100%, the signal intensity of each cluster decreases as observed
in the spectra (Figure 4.3b and f). These observations suggest that the concentration of
ethanol vapor in the droplet influences the surface of the Rayleigh-charged droplet, which
influences the formation of ethanol cluster ions.
The influence of solvent on the formation of solvent clusters was investigated by
ionizing different ratios of water to acetonitrile nESI and exposing the droplets to
acetonitrile (ACN) vapor (Figure 4.4). A solution of 100% H2O, 75/25% H2O/ACN,
50/50% H2O/ACN, 25/75% H2O/ACN, and 100% ACN with exposure to no vapors
(Figure 4.4a-e) and acetonitrile (20%) vapors (Figure 4.4f-j). In this experiment, the Q1
low mass cut off was set to m/z 100 whereas the Q2 low mass cut off was set to m/z 30.
Ions below m/z 100 are seen in Figure 4.4 because the ions were solvated upon entering
Q1, but desolvated prior to entering Q2. When no vapor is exposed to the Rayleighcharged droplets, increasing the percentage of acetonitrile in solution increases the
intensity of sodiated acetonitrile ions in the form of [A+Na]+ and [2A+Na]+ where A
represents an acetonitrile molecule (Figure 4.4a-d). However, when acetonitrile is
ionized, there is a slight decrease in the signal intensity of the sodiated acetonitrile ions
compared to the spectrum obtained when a solution comprised of 25/75% H2O/ACN is
ionized (Figure 4.4d and e). This change in intensity may be partly due to acetonitrile
containing a lower concentration of alkali metal compared to the water (Figure 4.4d and
e). For each solvent ratio of water to acetonitrile, exposing the droplets to acetonitrile
increases the intensity of sodiated acetonitrile ions (Figure 4.4f-j) compared to no reagent
vapor exposure (Figure 4.4a-e). The general enhancement in the intensity of acetonitrile
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charged surface of the nESI droplet as to lower the energy barrier14 required for the
acetonitrile-containing ions to eject out of the nESI droplet. When a solution of 50/50
H2O/ACN or 25/75 H2O/ACN is exposed to acetonitrile vapors (Figure 4.4h and i), there
is a dramatic enhancement in the signal intensity of the protonated acetonitrile dimer of
42-fold and 74-fold respectively, as compared to no dopant in the N2 curtain gas (Figure
4.4c and d). The doubly charged acetonitrile ions [5A+H+K]2+ and [6A+H+K]2+ where A
represents an acetonitrile molecule has the highest signal intensity when Rayleighcharged water droplets are exposed to acetonitrile vapors (Figure 4.4f) compared to the
other solvent conditions with and without acetonitrile vapor exposure (Figure 4.4 a-e and
Figure 4.4g-j).
The influence of interface conditions on the formation of vapor cluster ions was
investigated by changing the voltage difference between the focusing ring (FR) and
skimmer (SK) using ethyl acetate as the dopant in the curtain gas. An aqueous solution of
holomyoglobin in 1 mM ammonium acetate, 100 μM NaCl, and 100 μM KCl was ionized
in the positive polarity via nESI and exposed to 20% ethyl acetate vapor with a FR to SK
voltage difference of 20V (Figure 4.5a), 50V (Figure 4.5b), 70V(Figure 4.5c), 90V
(Figure 4.5d), 110V (Figure 4.5e) and 130V (Figure 4.5f). The relative intensity of the
respective vapor cluster ion species does not dramatically change at the various FR to SK
voltage differences, but the overall signal intensity of the ethyl acetate containing ions,
i.e. [Et+NH4]+, [Et+K]+, [2Et+H]+, [2Et+NH4]+, [2Et+Na]+, [2Et+K]+, [6Et+H+K]2+, and
[3Et+Na]+ where Et represents an ethyl acetate molecule, increases as the voltage
difference between the SK and FR is increased (Figure 4.5a-f). The exposure of nESI
droplets to ethyl acetate droplets may change the energy barrier at the droplet surface to
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4.3.2 Fragmentation of Vapor Clusters
The doubly charged vapor clusters of the form [nX+H+Y]2+ where X is a reagent
molecule, n = 5-7 and Y is a sodium or potassium ion have only recently been mentioned
in the literature.45 These doubly charged reagent cluster ions are observed when reagent
vapor is doped into the N2 curtain gas and exposed to electrospray droplets in the positive
polarity. These doubly charged vapor cluster ions [nX+H+Y]2+ where n=5-6 and Y is
sodium or potassium have been observed with a variety of molecules where X is ethanol,
methanol, ethyl acetate, or acetone.45 However, the structure of these doubly charged
reagent cluster ions has not been elucidated. To investigate the structure of these reagent
vapor cluster ions, an aqueous solution of holomyoglobin in 1 mM ammonium acetate
was ionized via nESI in the positive polarity with the Rayleigh-charged droplets exposed
to 35% ethanol vapor (Figure 4.6). The doubly charged ethanol cluster ion [6E+H+K]2+
where E is an ethanol molecule was isolated in Q1 and beam-type collision-induced
dissociation (CID)54 was used to fragment the cluster ion by applying a Q0 to Q2 voltage
difference of 4V (Figure 4.6a), 8V (Figure 4.6b), 12V (Figure 4.6c), and 16V (Figure
4.6d). At a low Q0 to Q2 voltage difference of 4V, the reagent cluster ion [6E+H+K]2+ is
prominent with [5E+H+K]2+ and [7E+H+K]2+ present with a relatively low signal
intensity (Figure 4.6a). When the Q0 to Q2 voltage gradient is increased to from 4V to
8V, the reagent cluster ion [6E+H+K]2+ losses an ethanol molecule to form [5E+H+K]2+
(Figure 4.6a and b). When the Q0-Q2 voltage difference is increased from 8V to 12V, the
reagent cluster ion [6E+H+K]2+ losses an ethanol molecule to form [5E+H +K]2+, such
that the intensity of the precursor ion[6E+H+K]2+ is approximately half that of the
fragment ion [5E+H+K]2+ (Figure 4.6b and c). Increasing the Q0-Q2 voltage difference
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Figure 4.7 Po
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from 12V to 16V results in the fragmentation of [6E+H+K]2+ to form [5E+H+ K]2+ in
addition to the following fragments [4E+H+K]2+, [2E+K]+, [3E+K]+, and [4E+K]+
(Figure 4.6c and d). It is interesting that protonated singly charged ethanol clusters are
not observed upon fragmentation of [6E+H+K]2+ (Figure 4.6a-d).
To further investigate the nature of doubly charged alkali metal adducted and
protonated reagent vapor cluster ions, the [6Et+H+K]2+ ion where Et represents an ethyl
acetate was examined by isolating the [6Et+H+K]2+ ion in the Q1 quadrupole (Figure
4.7a) and fragmenting the ion via dipolar direct current collision-induced dissociation
(DDC CID)55 in the Q2 quadrupole using a Q2 DDC voltage difference of 15.6V (Figure
4.7 b), 15.8V (Figure 4.7c), and 16V (Figure 4.7d). The [6Et+H+K]2+ ion is formed
when an aqueous solution of the peptide AKARAKARA prepared in 1 mM ammonium
acetate is ionized in the positive polarity via nESI with the nESI droplets to 20% ethyl
acetate vapor (Figure 4.7). At a Q2 DDC voltage difference of 15.6V, the [6Et+H+K]2+
ion fragments to form the ions [3Et+CH3COOH+K]2+ and [4Et+CH3COOH+K]2+ (Figure
4.7a-b). The [6Et+H+K]2+ ion losses one or two neutral ethyl acetate molecules and
presumably an ethyl ion to form [4Et+CH3COOH+K]2+ and [3Et+CH3COOH+K]2+,
respectively (Figure 4.7a-b). However, due to instrument low mass cut-off limitations, an
ethyl ion with m/z 29 cannot be detected. Increasing the applied Q2DDC CID voltage
increases the signal intensity ratio of [4Et+CH3COOH+K]2+ to [6Et+H+K]2+ (Figure 4.7
b-d). It is interesting that fragmentation of [6Et+H+K]2+ favors an intramolecular ethyl
acetate bond breakage over the loss of a protonated ethyl acetate to form a singly charged
potassiated ethyl acetate cluster similar to the potassiated ethanol cluster ions as is
observed in Figure 4.6d or the loss of an additional neutral ethyl acetate molecule to
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maintain a doubly charged ethyl acetate cluster ion similar to that observed when the
doubly charged ethanol (E) cluster [6E+H+K]2+ was fragmented at lower energy (Figure
4.6b).
The final doubly charged reagent vapor cluster ion studied via fragmentation was
[6DMK+H+K]2+ where DMK denotes an acetone molecule. The [6DMK+H+K]2+ was
formed by ionizing an aqueous solution of holomyoglobin in 1 mM ammonium acetate in
the positive polarity using nESI with the Rayleigh-charged droplets exposed to 8.8%
acetone vapor (Figure 4.8). The [6DMK+H+K]2+ ion was isolated in the Q1 quadrupole
and fragmented via beam-type CID by applying a Q0 to Q2 voltage gradient of 4V
(Figure 4.8a), 34V (Figure 4.8b), and 44V (Figure 4.8c). In the Q1 quadrupole isolation
of [6DMK+H+K]2+ with an applied Q0 to Q2 voltage difference of 4V, the ions
[5DMK+H+Na]2+, [6DMK+H+Na]2+, and [5DMK+H+K]2+ are observed in lower
abundance (Figure 4.8a). When the Q0 to Q2 transfer energy is increased from 4V to
34V, the signal intensity of [5DMK+H+K]2+ increases relative to that of [6DMK+H+K]2+
due to the loss of an acetone molecule (Figure 4.8a-b). Further increasing the Q0 to Q2
transfer energy from 34V to 44V increases the signal intensity ratio of [5DMK+H+K]2+
to [6DMK+H+K]2+ due to the loss of an acetone molecule from the [6DMK+H+K]2+ ion
(Figure 4.8b-c). The fragmentation of the acetone cluster ion [6DMK+H+K]2+ (Figure
4.8) is similar to that of the ethanol (E) cluster ion [6E+H+K]2+ in which the primary
fragment ion is [5E+H+K]2+ (Figure 4.6). The fragmentation of the doubly charged
potassiated and protonated reagent cluster ions provide insight into the structure of these
reagent cluster ions.
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Figure 4.8 Po
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4.3.3 Computational Modeling of Selected Vapor Clusters
In addition to mass spectrometry fragmentation studies, the structure of the form
[nX+H+Y]2+ where X is a reagent molecule, n is 5-7 and Y is a sodium or potassium ion
were investigated using ab initio calculations with methanol as the model system. The
geometry of the following ions [5M+H+Na]2+ and [5M+H+K]2+ where M represents a
methanol molecule were optimized at the B3LYP/6-31G+(d,p) level of theory (Figure
4.9a and b). The geometry of the following ions [6M+H+Na]2+ and [6M+H+K]2+ were
also optimized at the B3LYP/6-31G+(d,p) level of theory (Figure 4.10a and b). The
optimized structures obtained for [5M+H+Na]2+ and [5M+H+K]2+ (Figure 4.9a and b) are
similar to those obtained for [6M+H+Na]2+ and [6M+H+K]2+ (Figure 4.10a and b) as
both include a hydrogen-bond network of methanol, which includes a proton, with the
alkali metal ion opposite the proton in the ring structure. The hydrogen bond network
present in the optimized geometries of the doubly charged methanol clusters (Figure 4.9
and 4.10) are consistent with those proposed in infrared (IR) spectroscopic and ab initio
studies of protonated methanol clusters containing five methanol molecules, which are
suggested to form a cyclic structure with five methanol molecules.56,57,58 IR studies show
that protonated methanol cluster ions containing four and five methanol molecules have a
temperature dependence as reflected in the formation of cyclic and linear chain
isomers.56,57 Fujii et al. propose that a protonated methanol cluster containing six
methanol molecules forms a cyclic hydrogen bonding network with a methanol side
chain.58 However, the doubly charged [6M+H+Na]2+ and [6M+H+K]2+ ab initio
structural optimizations suggest a hydrogen bonded cyclic structure with no methanol
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sttate geometrries of the ion [5CH3OH+H+K]2+ opptimized at thhe B3LYP/66-31G+(d,p) level
of theory.
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Figure 4.10 (a)
( Ground-sstate geomettries of the iion [6CH3O
OH+H+Na]2++ and (b) grooundsttate geometrries of the ion [6CH3OH+H+K]2+ opptimized at thhe B3LYP/66-31G+(d,p) level
of theory.
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charged protonated and alkali metal adducted methanol cluster ions as well as performing
ab initio calculations on other model systems, such as acetonitrile or ethyl acetate.

4.3.4 Vapor Adduction to Peptides
The exposure of nESI droplets containing peptides to vapors, such as acetonitrile
and benzyl alcohol, has been observed to enhance signal intensity.60,61,62 Li et al. propose
that benzyl alcohol increases signal intensity by improving the ionization efficiency of
the analytes within the ESI process.60 The benzyl alcohol vapor exposure enhances
ionization efficiency by either increasing sequestration of analyte molecules into nES
droplets or by lowering the energy barrier necessary for a solution ion to leave the droplet
to become a gaseous ion.60 However, the mechanism behind peptide charge enhancement
with acetonitrile vapor has not been elucidated. To study the mechanism behind peptide
charge enhancement noted with acetonitrile vapor exposure to nES droplets, an aqueous
solution of the peptide AKARAKARA in 1 mM ammonium acetate was ionized in the
positive polarity via nESI with the Rayleigh-charged droplets exposed to no vapor
(Figure 4.11a), ethanol vapor (35%) (Figure 4.11b), isopropanol vapor (47%) (Figure
4.11c), acetonitrile vapor (20%) (Figure 4.11d), acetone vapor (8.8%) (Figure 4.11e),
ethyl acetate vapor (20%) (Figure 4.11f), and H2O vapor (87%) (Figure 4.11g). Similar to
other vapor exposure to electrospray droplet studies,45 reagent vapor cluster ions are
observed, e.g. [6E+H+K]2+ where E denotes an ethanol molecule, [2I+H]+ where I is an
isopropanol molecule, and [2Et+Na]+ where Et represents an ethyl acetate molecule
(Figure 4.11 b, c and f). The percentage of vapor utilized in the N2 curtain gas is varied to
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represents the AKARAKARA peptide (Figure 4.11c). The polar aprotic reagent vapor,
i.e. acetonitrile, acetone, and ethyl acetate, noticeably adducted to the AKARAKARA
peptide, such that the vapor adducted peaks were higher in intensity than the [P+nH]n+
peak intensities where n is the number of protons (Figure 4.11d-f). The polar aprotic
reagent vapor adducted most to the highest peptide charge state (Figure 4.11d-f). For
example, the +4 peptide charge state has up to five acetone adducts as observed in the
presence of the following ions [P+4H+2D]4+, [P+4H+3D]4+, [P+4H+4D]4+ and
[P+4H+5D]4+ where P represents the peptide AKARAKARA and D denotes an acetone
molecule whereas no acetone molecules are observed adducted to the +2 charge state of
the peptide, such that only [P+2H]2+ is observed (Figure 4.11e). The AKARAKARA
peptide has a mixture of arginine and lysine basic groups with a total of five basic sites.
The vapor introduced into the curtain gas is present most adducted to the higher peptide
charge states, particularly for polar aprotic vapor. The nature of the reagent vapor
introduced influences the extent of vapor adduction to the peptide as reflected in the polar
aprotic vapors being highly adducted to the peptide whereas the polar protic vapors did
not adduct or were present adducted to the peptide at very low signal intensities (Figure
4.11). Generally, the polar protic vapors slightly reduced the qave of the AKARAKARA
peptide compared to the use of no dopant in the curtain gas (Table 4.1). However, the use
of polar aprotic solvents on average increased the qave of the AKARAKARA peptide
compared to the use of no curtain gas dopant (Table 4.1). Acetone vapor enhanced the
qave of AKARAKARA the most out of the vapors sampled (Table 4.1). When acetone
vapors are utilized, the AKARAKARA has a qave of 3.28 ± 0.02 compared to a qave of
2.97 ± 0.02 obtained with no curtain gas dopant (Table 4.1).
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Table 4.1 The abundance-weighted charge (qave) of the peptide AKARAKARA prepared
in 1 mM ammonium acetate and ionized via nESI in the positive polarity with the
droplets exposed to various vapors doped in the N2 curtain gas.
Reagent Vapor

%Vapor in the Curtain Gas*

AKARAKARA AbundanceWeighted Average Charge State
N2
2.97 ± 0.02
H2O
87%
2.73 ± 0.01
Ethanol
35%
2.85 ± 0.01
Isopropanol
47%
2.95 ± 0.01
Acetonitrile
20%
3.22 ± 0.01
Acetone
8.8%
3.28 ± 0.02
Ethyl Acetate
20%
3.24 ± 0.02
*The percentage of vapor in the curtain gas denotes the percentage of the N2 curtain
gas allowed to flow over an Erlenmeyer flask containing the respective reagent vapor
relative to a total curtain gas flow rate of 1.1 L/min. These percentages are changed to
reflect the relative vapor pressure of the reagents.

To examine the effect of the number and type of basic group comprising a peptide
on the extent of vapor adduction, peptides with different numbers and types of basic
groups were exposed to ethanol and acetone vapor (Figure 4.12-4.14). An aqueous
solution of the peptide AKAAAKA in 1 mM ammonium acetate was ionized in the
positive polarity via nESI with the nES droplets exposed to no vapor (Figure 4.12a),
ethanol vapor (35%) (Figure 4.12b), and acetone vapor (8.8%) (Figure 4.12c). Similar to
Figure 4.11b and c, ethanol and acetone cluster ions are respectively observed, e.g.
[6E+H+K]2+ where E is an ethanol molecule and [6D+H+K]2+ where D represents an
acetone molecule (Figure 4.12b and c). The peptide AKAAAKA has three basic sites
comprised of an unbound amine at the N-terminus and two lysines each with a basic side
chain. When no vapors were doped into the N2 curtain gas, no water solvent molecules
were observed adducted to the peptide ions (Figure 4.12a). The ethanol vapor was not
observed to adduct to the AKAAAKA (Figure 4.12b) whereas one acetone molecule

116

Figure 4.12 Positive nE
ESI mass spectra
s
of the peptidee AKAAAK
KA (50 μM
M) in
am
mmonium accetate (1 mM
M) exposed to
t (a) no vaapor, (b) ethaanol (E) vapor (35%), annd (c)
accetone (D) vapor
v
(8.8%)). The perceentage of a reespective vaapor used waas changed bbased
on
n the relativ
ve vapor preessure of thee N2 curtainn gas dopantt. The P dennotes the peeptide
AKAAAKA
A
in the abovee spectra.

ad
dducted to th
he +2 charge state to forrm the [P+22H+D]2+ ion where P deenotes the peeptide
AKAAAKA
A
and D repreesents an accetone moleecule (Figuree 4.12c). Accetone moleecules
were
w
not preesent adducted to the siingly chargeed peptide [[P+H]+ where P denotees the

117
peptide AKAAAKA (Figure 4.12c). The acetone molecules are observed more highly
adducted to the higher peptide charge states.
The next peptide studied was KAAAKAAAK, which has four basic sites
comprised on the unbound N-terminus amine and three lysines each with a basic side
chain. The peptide KAAAKAAAK was prepared in an aqueous solution of 1 mM
ammonium acetate and exposed to no vapor (Figure 4.13a), ethanol vapor (35%) (Figure
4.13b), and acetone vapor (8.8%) (Figure 4.13c). Similar to the vapor cluster ions
observed in Figure 4.12b and c, doubly charged ethanol and acetone cluster ions, i.e.
[6E+H+K]2+ where E is an ethanol molecule and [6D+H+K]2+ where D represents an
acetone molecule, were observed in Figure 4.13b and c, respectively. When no vapors
were used in the N2 curtain gas, peptide ions with water adducts were not observed in the
spectrum (Figure 4.13a). Additionally, peptide ions with ethanol adducts were not
observed in the spectrum (Figure 4.13b). Acetone molecules were observed adducted to
the +3 peptide charge state to form the following ions [P+3H+D]3+, [P+3H+2D]3+, and
[P+3H+3D]3+ where P is the KAAAKAAAK peptide (Figure 4.13c). However, no
acetone molecules were observed adducted to the +2 peptide charge site (Figure 4.13c).
The final peptide examined was ARAKARA, which has four basic sites
comprised of two arginine and one lysine each with a basic side chain, and the unbound
N-terminus amine. A solution of the peptide ARAKARA in 1 mM ammonium acetate
was ionized in the positive polarity via nESI with the nES droplets exposed to no vapor
(Figure 4.14a), ethanol vapor (35%) (Figure 4.14b), and acetone vapor (8.8%) (Figure
4.14c). As in the other peptide studies (Figure 4.11-4.13), doubly charged ethanol and
acetone cluster ions are observed, i.e. [6E+H+K]2+ where E is an ethanol molecule and
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(Figure 4.14a). Ethanol molecules are not observed adducted to the ARAKARA peptide
at any peptide charge state (Figure 4.14b). However, up to three acetone molecules
adducted to the +3 charge state of the ARAKARA peptide to form the following ions
[P+3H+D]3+, [P+3H+2D]3+, and [P+3H+3D]3+ where P is the ARAKARA peptide and D
denotes an acetone molecule (Figure 4.14c). In these peptide studies, it is interesting to
note that the acetone molecules are not found adducted to the lowest peptide charge state
observed in the spectrum (Figure 4.11-4.14). In general, if a doubly charged peptide ion is
present as well as a singly charged peptide ion, an acetone molecule is not observed
adducted to the singly charged peptide, but does adduct to the doubly charged peptide.
However, if the lowest peptide ion observed is doubly charged, then an acetone molecule
is not found adducted to the doubly charged peptide ion, but is found adducted to the
higher peptide charge states.
When KAAAKAAAK and ARAKARA containing nanoelectrospray droplets in
the positive polarity are exposed to acetone vapors in the positive polarity, the respective
peptide average charge state increases slightly compared to the use of no dopant in the N2
curtain gas (Table 4.2). However, exposing KAAAKAAAK and ARAKARA containing
nanoelectrospray droplets to ethanol vapors decreases the average charge state of the
peptides as compared to the use of no vapors in the N2 curtain gas (Table 4.2). These
results are similar to those observed for AKARAKARA where ethanol decreased the
average charge state of the peptide and acetone vapor enhanced the average charge state
of the peptide (Table 4.1). Unlike these other peptides, exposing AKAAAKA to ethanol
and acetone vapors resulted in minimal changes in the average charge state (Table 4.2).
Polar aprotic solvents, such as acetone, enhance the average charge state of peptides with
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Table 4.2 The abundance-weighted charge (qave) of the peptides AKAAAKA,
KAAAKAAAK, and ARAKARA when respectively prepared in 1 mM ammonium
acetate and ionized via nESI in the positive polarity with the peptide-containing
nanoelectrospray droplets exposed to various vapors doped in the N2 curtain gas.
Reagent
Vapor
N2
Ethanol
Acetone

%Vapor
in the
Curtain
Gas*
35%
8.8%

AKAAAKA
AbundanceWeighted Average
Charge State
1.99 ± 0.01
2.00 ± 0.01
1.96 ± 0.01

KAAAKAAAK
AbundanceWeighted Average
Charge State
2.50 ± 0.01
2.07 ± 0.01
2.71 ± 0.01

ARAKARA
AbundanceWeighted Average
Charge State
2.58 ± 0.01
2.04 ± 0.01
2.69 ± 0.01

four to five basic sites more so than a peptide with three basic sites. However, more
peptide systems will need to be investigated to more definitively interpret the effect of
basic sites on charge enhancement with polar aprotic curtain gas dopants.

4.3.5 Fragmentation of Vapor Adducted Peptides
Generally, polar aprotic vapors result in a slight peptide charge enhancement
compared to the use of no vapor or polar protic vapors doped into the N2 curtain gas
(Table 4.1 and 4.2). Presumably, the polar aprotic vapors are hydrogen bonded to the
protonated peptide basic site. To examine the interaction between the peptides and the
adducted vapors, the ethyl acetate adducted +4 charged state of AKARAKARA was
fragmented in the Q2 quadrupole using DDC CID (Figure 4.15). A solution of
AKARAKARA in 1 mM ammonium acetate was ionized in the positive polarity via nES
and exposed to 20% ethyl acetate vapor to obtain ethyl acetate adducted peptide ions. The
[P+4H+4Et]4+ ion where P is the AKARAKARA peptide and Et is an ethyl acetate
molecule was isolated in the Q1 quadrupole (Figure 4.15a) and fragmented in the Q2
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quadrupole using DDC CID with a DDC voltage of 10V (Figure 4.15b), 12V (Figure
4.15c), 16V (Figure 4.15d), and 18V (Figure 4.15e). The isolation spectrum of
AKARAKARA contained the desired [P+4H+4Et]4+ ion in addition to the following ions
[P+4H+2Et]4+, [P+4H+3Et]4+, and [P+4H+5Et]4+ (Figure 4.15a). When a Q2 DDC
voltage of 10V is applied, the following ions appear [P+3H]3+, [P+3H+Et]3+, and
[P+3H+2Et]3+ in addition to those observed in the isolation spectrum (Figure 4.15a-b).
When the Q2 DDC voltage is increased from 10V to 12V, triply charged peptide ions, i.e.
[P+3H]3+, [P+3H+Et]3+, and [P+3H+2Et]3+

become more abundant relative to the

following +4 charge state peptide ions [P+4H+2Et]4+, [P+4H+3Et]4+, and [P+4H+5Et]4+
(Figure 4.15b and c). Increasing the Q2 DDC voltage from 12V to 16V results in a
further increase in the relative signal intensity of the [P+3H]3+, [P+3H+Et]3+, and
[P+3H+2Et]3+ compared to the +4 peptide charge state ions as well as the presence of
[P+3H+3Et]3+ (Figure 4.15c-d). The spectrum acquired with a Q2 DDC voltage of 18V
is similar to that obtained at a Q2 DDC voltage of 16V except that a triply charged ion
with m/z 320.5 and doubly charged ions with m/z 336.7 and 372.2 are observed in the
spectrum with a Q2 DDC voltage of 18V (Figure 4.15d-e). Fragmenting the ethyl acetate
adducted +4 charge state of AKARAKARA results in the loss of a protonated ethyl
acetate and/or neutral ethyl acetate molecule(s) (Figure 4.15a-e). These studies provide
additional insight into the interaction between the ethyl acetate adducts and the charged
peptide.
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4.4 Conclusions
Exposing electrospray droplets to vapor doped into the N2 curtain gas results in
the formation of ions containing the vapor dopant species. Exposing acetonitrile
containing droplets to acetonitrile vapors enhances the signal intensity of acetonitrile
containing ions and can influence the relative intensity of the acetonitrile cluster ions
observed. Increasing the potential difference applied between the focusing ring and
skimmer when nanoelectrospray droplets are exposed to ethyl acetate vapor increases the
signal intensity of ethyl acetate containing cluster ions. This signal intensity enhancement
is most likely due to collisions with the background gas enhancing the desolvation of the
desolvating ions and the ethyl acetate vapor lowering the energy barrier at the droplet
surface necessary for solution ions to eject into the gas phase. Ab initio calculations were
performed on ions of the form [nX+H+Y]2+ where X is methanol, n = 5-6 and Y is a
sodium or potassium ion. The computed structures resembled a hydrogen bonded cyclic
structure where the proton and the alkali metal resided on opposite sides of the ring. This
observed hydrogen bonding network is consistent with IR spectroscopic and ab initio
studies of methanol cluster ions. Doubly charged acetone, ethanol, and ethyl acetate
cluster ions containing both an alkali metal and a proton were fragmented using various
CID methods. These studies suggest that the fragmentation pattern observed depends on
the nature of the solvent comprising the doubly charged cluster ion. The solvents doped
into the curtain gas can adduct to peptides with the polar aprotic solvent dopants
generally enhancing the average peptide charge state and the polar protic dopants
typically decreasing the average peptide charge state. The vapors preferentially adduct to
the higher peptide charge states as compared to the lower peptide charge states. In
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general, the lowest peptide charge state observed in spectra did not contain a vapor
adduct. Further studies will need to be done to confirm the relationship between the
number and nature of the basic sites on a peptide and peptide charge enhancement with
polar aprotic vapors.
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CHAPTER 5 MANIPULATION OF BIOANALYTE MIXTURES USING ACID,
BASE, AND CO2 GAS

5.1 Introduction
Electrospray ionization (ESI)1,2 is commonly used in combination with mass
spectrometry to analyze many biologically relevant systems due to its ability to ionize
intact biomolecules. Often ESI is coupled to liquid chromatography for the analysis of
complex mixtures to reduce the number of components analyzed simultaneously. The
formation of multiply charged species within ESI can complicate spectra and lead to peak
coalescence, particularly when analyzing complex mixtures without prior separation. The
ability to analyze these mixtures is limited by the resolution of the mass spectrometer in
which case the orbitrap3,4,5 and Fourier Transform ion cyclotron resonance6,7 mass
spectrometers are most applicable. Another method to reduce spectral complexity due to
the ESI multiple charging phenomena includes ion/ion proton transfer reactions.8,9
Several studies explore the relationship between electrospray ionization efficiency
and the surface activity of ions. Enke et al. observed that the peptides with greater
nonpolar surface areas have increased ESI response.10 This experimental data is
consistent with the equilibrium partitioning model.10,11 This model proposes that since
droplet excess charge resides on the droplet surface, an analyte’s relative affinity for the
droplet surface governs its relative ESI response. The greater the nonpolar character of an
analyte, the greater its affinity for the droplet surface, which enhances successful
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competition for excess charge leading to higher ESI response.10,11 Enke et al. explored the
relationship between electrospray response and chromatographic retention time.12 For a
series of small peptides, the peptides with a longer reversed-phase high performance
liquid chromatography (RP-HPLC) had higher ESI responses. Generally, the greater the
nonpolar surface area of the peptide as determined by summing the surface areas of the
individual hydrocarbon atoms in each side chain,13 the greater its ESI response.12
However, it is important to note that the correlation between RP-HPLC and ESI response
has some differences attributed to the variation in partitioning between C18 and air.12
Additionally, if a compound in a mixture is retained to a much greater extent than other
components, it will have a greater ESI response. For example, the surfactant
octadecylamine has a high RP-HPLC retention time, but suppresses the ionization
efficiency of the peptide Gly-Gly-Gly.12 Analytes with a high RP-HPLC retention time
and highly nonpolar character can suppress the ionization of other components of a
mixture.10
Pan et al. investigated the effects of solution pH on the ES ionization selectivity
of protein14,15 and small molecule mixtures.16 For acidic protein mixtures, the charge sites
can be considering equivalent regardless of the respective protein surface activities when
the total charge is below approximately 10 μM and the proteins are highly soluble.14 The
response of one protein present at a high concentration can be predicted based on the
response of other proteins in the mixture. Pan et al. investigated the influence of solution
pH and protein pI on protein mixtures.15 The optimal protein cation signal in the positive
polarity occurred when the pH value of the solution was four to five units lower than the
protein pI. In the negative polarity, the optimal protein anion signal was observed when
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the pH value of the solution was approximately five pH units above the protein pI.15
Ionization polarity and solution pH can be altered to change the ionization selectivity,
such that the ionization system can act as a low or high-pass pI filter.15 When a solution
of equimolar cytochrome c and ubiquitin was ionized in the negative polarity at solution
pH 8.0, only ubiquitin is observed because ubiquitin is the more acidic protein with a pI
of 5.2 whereas cytochrome c has a pI of 10.6. However, when the solution pH is adjusted
to pH 11, both cytochrome c and ubiquitin is observed in spectra.15 In protein and small
cation mixture studies, the extent to which small cations suppressed protein ion signal
depends on the surface activity of the cations as opposed to the type of cation, i.e.
quaternary ammonium ion or metal ion.16 The most surface active cations suppressed
protein ion signal the greatest.
The charge state of proteins within ESI droplets can also be manipulated in both
the negative and positive polarity via the exposure of Rayleigh-charged droplets to acidic
or basic vapors.17,18,19 Both acidic and basic vapors can be used to unfold and fold
proteins in the positive and negative polarities, respectively.17,18 This vapor introduction
technique is reversible, such that once the vapors are removed from the counter-current
gas, the spectra no longer reflect a pH change. Acidic vapors can be introduced into the
nitrogen counter-current gas to manipulate the charge state distributions of proteins
derived from unbuffered solutions in the positive polarity due to the acidic vapors
changing the droplet pH.17 The extent to which the acidic vapors alter the droplet pH
depends on the concentration of acid in the solution used to dope acidic vapors into the
nitrogen counter-current gas, the flow rate of the counter-current gas over the acidic
solution, and the pKa of the acid.17 Introducing acidic vapors into the counter-current gas
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allowed transient unfolding intermediates to be observed for noncovalently bound
complexes, such as holomyoglobin.17 The change in droplet pH due to acidic vapor
exposure can be large enough to reverse the “wrong-way-round” condition.17
Additionally, basic vapors can be doped into the counter-current gas in the negative
polarity to shift proteins derived from unbuffered solutions to negative higher charge
states due to these vapors shifting the pH of the electrospray droplet by at least five
units.18 The greater the pKa of the basic vapor, the greater the degree of protein unfolding
in the negative polarity.18 Acidic and basic vapor exposure can be used to access transient
folding states.19 The vapors are exposed to the nESI droplets for approximately 1 ms
between the curtain plate and mass spectrometer inlet aperture. The millisecond
timeframe is the upper limit allowed for protein folding or unfolding to occur, and
dictates which transient folding states are observed in the mass spectra.19 The magnitude
of the change in droplet pH is the greatest when droplets derived from acidic vapors are
exposed to basic vapors and when droplets derived from basic vapors are exposed to
acidic vapors.
Besides nitrogen, carbon dioxide can also be used as a counter-current gas to aid
the desolvation of ions derived from nanoelectrospray ionization (nESI) droplets. The
interaction of carbon dioxide gas with water droplets alters the pH of droplets due to the
formation of carbonic acid.20,21,22 Carbon dioxide can be used instead of nitrogen gas as
the curtain gas to prevent arching due carbon dioxide having a higher breakdown voltage
at atmospheric pressure.23,24 Williams et al. developed a reversible “electrothermal”
supercharging technique in which the charge of proteins derived from an aqueous
ammonium bicarbonate solution can be increased.25 The main factors contributing to the
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“electrothermal” supercharging effect include the temperature of the mass spectrometer
entrance capillary, the potential applied for the nESI spray, and the solution buffer and
ionic strength.25 The proposed mechanism behind the enhanced protein charge is that
rapid heating of the ESI droplet within the atmospheric/vacuum interface region induces
denaturation of the protein, which is heightened by the presence of the bicarbonate
anion.25 Additionally, Konermann et al. studied the mechanism behind the spectral
changes associated with ammonium bicarbonate containing protein solutions present at
elevated temperatures within the atmospheric interface region.26 The heating of protein
solutions containing ammonium bicarbonate solutions creates gas bubbles whereas
ammonium acetate solutions do not have carbon dioxide outgassing. They propose that
the protein denaturation associated with heated ammonium bicarbonate solutions is due
to protein denaturation caused by both interface heating and carbon dioxide bubble
formation during the ESI droplet desolvation process.26 The interaction of carbon dioxide
with ESI droplets during the desolvation process can influence the electrospray process as
well as the aqueous droplet pH.
The goal of this study is to investigate how carbon dioxide gas, acid, and base,
respectively introduced into the curtain gas alter the ESI selectivity of droplets containing
various mixtures, including drug molecules, amino acids, peptides, and proteins. Acidic
vapors were exposed to unbuffered aqueous droplets containing peptides and proteins in
the positive polarity whereas basic vapors were exposed to unbuffered aqueous droplets
containing peptides and proteins in the negative polarity. The partitioning of protein
mixtures was also investigated with proteins prepared under acidic conditions with the
droplets exposed to acidic vapors in the positive polarity. Carbon dioxide and ammonia
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vapor were introduced into the curtain gas to mimic the charge state distribution observed
when a protein is prepared in an aqueous ammonium bicarbonate solution.

5.2 Methods

5.2.1 Materials
The model peptide AKAADDD was synthesized by CHI Scientific (Maynard,
MA, USA). The model peptide AKARAKARA were synthesized by Pepnome (Kowloon,
Hong Kong, China). The model peptide KAAAKAAAK was synthesized by CPC
Scientific (Sunnyvale, CA, USA). Human angiotensin II, cytochrome c from bovine
heart, α-lactalbumin from bovine milk Type III, lysozyme from chicken egg white, and
ubiquitin from bovine erythrocytes, L-amino acids, bupivacaine, lidocaine, and warfarin
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid was
purchased from JT Baker (Phillipsburg, NJ, USA). Formic acid, trimethylamine, and
piperidine were purchased from Aldrich Chemical (Milwaukee, WI). Ammonium
hydroxide and acetic acid was purchased from Mallinckrodt Chemicals (Phillipsburg, NJ,
USA). Triethylamine was purchased from EMD Chemicals (Darmstadt, Germany). All
samples were used without further purification. Acetic acid was used to prepare the low
pH samples.

5.2.2 Apparatus and Procedures
All experiments were performed on a prototype version of a QqTOF tandem mass
spectrometer (Q-Star Pulsar XL, Sciex, Toronto, ON, Canada) previously modified to
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allow for ion trap CID and ion/ion reactions.27 This instrument is of Q0Q1Q2-TOF
geometry where Q0 is a transmission quadrupole/linear ion trap, Q1 is a mass-resolving
quadrupole mass filter, and Q2 is a pressurized quadrupole collision cell/linear ion trap.
Nanoelectrospray emitters were pulled from borosilicate glass capillaries with 1.5 mm
o.d. and a 0.86 mm i.d. using a Flaming/Brown micropipette puller (Sutter Instrument
Co., Novato, CA). The nanoelectrospray assembly consists of a microelectrode holder
with a platinum wire that is inserted into the capillary. The voltage applied to the wire for
nanoelectrospray was 1.2 kV. The apparatus designed to introduce reagent vapor with the
curtain gas into the interface has been described previously.19,28 Using a metering valve, a
desired amount of N2 gas is directed across either a 125 mL Erlenmeyer flask containing
5-6 mL of the reagent or a culture tube (6x50 mm). A secondary N2 gas flow, controlled
using a second metering valve, is used to bring the total flow rate of curtain gas/reagent
vapor to 1.1 L/min measured with a flow meter (Figure 5.1). The percentage of reagent
vapor in the curtain gas displayed in some of the figures designates the percentage of
curtain gas permitted to flow over the flask with the total flow of curtain gas/reagent
vapor being 1.1 L/min (Figure 5.1). For acidic and basic vapor exposure to
nanoelectrospray droplets, a culture tube containing 20 μL acid or base was placed into a
culture tube with 0.29 L/min N2 allowed to flow over the culture tube using a metering
valve and a second metering valve controlling a secondary N2 gas line was used to bring
the total curtain gas/reagent vapor to 1.13 L/min. Samples were ionized via
nanoelectrospray ionization (nESI). For a given reagent concentration, the reagent vapor
entrained in the N2 gas is given approximately 5 minutes to equilibrate within the
interface. In this 5 minute equilibration period, N2 gas is flowing into and out of an
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5.2.3 Data Analysis

5.2.3.1 Mass Spectral Deconvolutions
The mass spectra were deconvoluted using Analyst Biotools software (AB Sciex,
Concord, ON).

5.2.3.2 Abundance-Weighted Charge Calculation
Refer to Equation 3.3 for the abundance-weighted charge (qave) equation.

5.2.3.3 XLOGP3 Values
The XLOGP3 values for the amino acids and drug molecules were calculated
using ACD/ChemSketch Version 12.01 (Advanced Chemistry Development, Ontario,
Canada).

5.2.3.4 Change in Intensity upon CO2 Gas or Methanol Exposure Calculations
The percent by which the intensity of analytes changed upon the exposure of nESI
droplets to CO2 or methanol vapor as compared to the use of N2 curtain gas was
calculated using the following equation:
%
100%

(5.1)

The intensity observed for each individual analyte for four spectra collected while using
N2 curtain gas were averaged and the intensity observed for each individual analyte using
CO2 curtain gas, or methanol vapor doped into the N2 curtain gas, for four spectra were
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averaged and these two respective averages were input into Equation 5.1. A standard
deviation was calculated for the average intensity observed for the analyte with N2
curtain gas and the average intensity observed with CO2 curtain gas, or methanol doped
into the N2 curtain gas. These standard deviation values were propagated to obtain the
error for the percent change in intensity with CO2 gas or when methanol was doped into
the N2 curtain gas.

5.3 Results and Discussion

5.3.1 Peptide Mixtures with Acidic and Basic Vapor
Pan et al. demonstrated that the selectivity of electrospray ionization can be
manipulated by changing the solution pH and ionization polarity for protein mixtures.15
The solution pH and ionization polarity can be altered to manipulate the ESI selectivity to
increase or decrease selectivity depending on the respective protein pI values.
Presumably acidic or basic vapors can be exposed to nESI droplets containing a mixture
of bioanalytes to alter the ESI selectivity because several studies17,18,19 have shown that
acidic and basic vapors can alter the droplet pH. To demonstrate that the ESI selectivity
of a peptide mixture (Table 5.1) could be manipulated in the positive polarity via
exposing nESI droplets to vapor, an equimolar aqueous solution of the peptides
AKARAKARA (pI 12.0), KAAAKAAAK (pI 10.3), DRVYIHPF (pI 6.7), and
AKAADDD (pI 4.1) was ionized via nESI with the nESI droplets exposed to no vapor
(Figure 5.2a), formic acid vapor (Figure 5.2b), acetic acid vapor (Figure 5.2c), HCl vapor
(Figure 5.2d), ammonia vapor (Figure 5.2f), and piperidine vapor (Figure 5.2g) carried by
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Table 5.1 The molecular weight and isoelectric point (pI) of the peptides used in
this study.
Peptide Sequence
AKARAKARA
KAAAKAAAK
DRVYIHPF (angiotensin II, human)
AKAADDD

Molecular Weight
941.588
828.518
1045.534
704.297

Isoelectric Point, pI
12.0
10.3
6.7
4.1

N2 gas with a spectrum collected post-HCl vapor exposure (Figure 5.2e). When no vapor
is utilized in the desolvation gas, the most basic, highest pI, peptides AKARAKARA and
KAAAKAAAK are the most abundant peptide ions in the spectrum with DRVYIHPF
being present in low abundance and AKAADDD not observed in the spectrum (Figure
5.2a). Introducing formic acid (Figure 5.2b) or ammonia (Figure 5.2f) into the
desolvation gas results in spectra very similar to that observed when no vapors are
introduced into the curtain gas (Figure 5.2a). When acetic acid vapor is admitted into the
curtain gas, the peptide with the lowest pI, most acidic, AKAADDD is observed in the
spectrum with a low abundance (Figure 5.2c). The more basic peptides AKARAKARA
and KAAAKAAAK are the most abundant with DRVYIHPF present in a low abundance
(Figure 5.2c). When HCl vapors are exposed to nESI droplets, the peptides
AKARAKARA, KAAAKAAAK, and DRVYIHPF are observed, but the most acidic
peptide AKAADDD is not present in the spectrum (Figure 5.2d). However, the
introduction of HCl vapor into the curtain gas results in an abundant protonated Nbutylbenzenesulfonamide (NBBS) peak that dominates the spectrum (Figure 5.2d).
Immediately after the HCl vapor is removed from the curtain gas, the protonated NBBS
ion is no longer observed in the spectrum and the peptide AKAADDD is not observed in
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the spectrum (Figure 5.2e). When HCl vapors are introduced into the curtain gas, the
protonated NBBS ion may be suppressing ionization of the peptides thereby preventing
the ionization of the peptide AKAADDD (Figure 5.2d). The introduction of a vapor with
a pKa value between that of acetic acid and HCl may further enhance the ionization of the
AKAADDD peptide without the ion suppression effect of the NBBS ion. Exposing nESI
droplets to piperidine vapor results in a spectrum where only the two most basic peptides
are observed, i.e. AKARAKARA and KAAAKAAAK (Figure 5.2g). These peptides are
present alkali metal adducted as expected since the peptide was ionized under “wrongway round” conditions15,19 where the ionization polarity is opposite the “effective”
droplet pH. The introduction of acidic vapors, in particular acetic acid (Figure 5.2c), can
be used to decrease the selectivity of ESI ionization for a peptide mixture whereas the
introduction of basic vapors, such as piperidine (Figure 5.2g) suppresses the ionization of
the more acidic peptides AKAADDD and DRVYIHPF, as compared to the use of no
vapor in the N2 curtain gas (Figure 5.2a). The respective pKa values of the vapors
introduced into the curtain gas can be found in Table 5.2. A benefit of this acidic and
basic vapor introduction technique is that the effect is reversible, such that when the
vapor is removed from the curtain gas, the spectrum returns to that observed when no
vapor is introduced into the curtain gas.
To investigate the influence of acidic and basic vapors on the ionization
selectivity of a peptide in the negative polarity, an equimolar aqueous solution of the
peptides AKARAKARA (pI 12.0), KAAAKAAAK (pI 10.3), DRVYIHPF (pI 6.7), and
AKAADDD (pI 4.1) was ionized via nESI with the nESI droplets exposed to no vapor
(Figure 5.3a), ammonia vapor (Figure 5.3b), trimethylamine vapor (Figure 5.3c),
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triethylamine vapor (Figure 5.3d), piperidine vapor (Figure 5.3e), and acetic acid vapor
(Figure 5.3f). In the Figure 5.3 spectra, trifluoroacetic acid (TFA) ions are abundant in
spectra. These TFA ions are derived from the respective peptide stocks. When no vapors
are introduced into the N2 curtain gas, only the most acidic peptide, AKAADDD, is
observed in the spectrum (Figure 5.3a). Exposing nESI droplets to ammonia vapor
(Figure 5.3b) results in a spectrum very similar to that observed when no vapor is
introduced into the N2 desolvation gas (Figure 5.3a). Exposing nESI droplets to
trimethylamine vapor (Figure 5.3c) results in the presence of the peptides DRVYIHPF
KAAAKAAAK in the spectrum compared to the use of no reagent in the curtain gas
(Figure 5.3a). Introducing triethylamine vapor into the N2 curtain gas results in all four
peptides being observed in the spectrum (Figure 5.3d) compared to the use of no vapor in
the curtain gas where only AKAADDD is present in low abundance compared to the
TFA ions (Figure 5.3a). Doping piperidine vapor into the N2 desolvation gas allows all
four peptides to be observed in the spectrum (Figure 5.3e) compared to the use of no
vapor in the desolvation gas (Figure 5.3a). Additionally, piperidine vapor enhances the
signal intensity of the most basic peptide AKARAKARA (Figure 5.3e) compared to the
use of triethylamine vapor (Figure 5.3d). When acetic acid vapor is introduced into the N2
curtain gas, the TFA ions dominate the spectrum with only the two most acidic peptides,
i.e. AKAADDD and DRVYIHPF, at very low abundances (Figure 5.3f) compared to the
use of no vapor (Figure 5.3a). Generally, when the peptide mixture is ionized in the
negative polarity increasing the pKa of the vapor introduced (Table 5.2) decreases the ESI
selectivity (Figure 5.3a-f). This enhancement in the number of peptide species observed
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in mass spectra is due to the basic vapors increasing the droplet pH thereby facilitating
peptide deprotonation.

5.3.2 Protein Mixtures with Acidic and Basic Vapor
The partitioning of protein mixtures in the positive and negative polarities were
investigated by exposing nESI droplets containing proteins to acidic and basic vapors. An
aqueous equimolar solution of ubiquitin and cytochrome c was ionized in the positive
polarity using nESI with the nESI droplets exposed to no vapor (Figure 5.4a), acetic acid
vapor (Figure 5.4b), and HCl vapor (Figure 5.4c) with the respective deconvoluted
spectra shown in Figure 5.4d, e, and f. When no vapor is doped into the curtain gas,
cytochrome c is the prominent protein observed with ubiquitin present in a low
abundance (Figure 5.4a and d). Upon introducing acetic acid into the curtain gas,
ubiquitin increases in abundance with the most abundant ubiquitin and cytochrome c
charge states having similar signal intensities (Figure 5.4b). In the deconvoluted
spectrum, ubiquitin is about twice as abundant as cytochrome c (Figure 5.4e). The
introduction of HCl vapor into the curtain gas results in the formation of a broad
distribution of cytochrome c ions centered around the +16 charge state whereas the
ubiquitin appears to have decreased slightly in charge (Figure 5.4c) compared to the use
of acetic acid vapor in the curtain gas (Figure 5.4b). The relative abundance of
cytochrome c to ubiquitin in the deconvoluted spectrum obtained with HCl vapor (Figure
5.4f) is similar to that obtained when no vapor is introduced into the curtain gas (Figure
5.4d).
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exposed surface area of a protein is increased.29 Pan et al. did RP-HPLC on a protein
mixture containing bradykinin, insulin, ubiquitin, cytochrome c, melittin, and
myoglobin.14 The cytochrome c had a slightly higher RP-HPLC retention time compared
to that of ubiquitin indicating that cytochrome c is more apolar than ubiquitin. Enke et al.
performed a study where they compared electrospray ionization efficiency with the
surface activity of peptide ions using RP-HPLC and ESI mass spectrometry (MS).10 The
more surface active peptides tended to have higher ESI efficiencies. Presumably, in the
cytochrome c and ubiquitin mixture, a higher concentration of cytochrome c was present
at the surface of the droplet thereby making cytochrome c more susceptible to
denaturation as compared to the more polar protein ubiquitin (Figure 5.4c). The
ionization mechanism by which the proteins were formed may also influence the relative
abundance and observed charge states of the respective proteins (Figure 5.4c). Unfolded
proteins are proposed to be formed by the chain ejection model (CEM) where the
extended protein chain approaches the electrospray droplet surface where the chain
terminus is ejected followed by sequential ejection of the remainder of the protein
chain.30,31,32,33 Additionally, cytochrome c being more unfolded and surface active than
ubiquitin is better equipped to compete for charge. This may lead to cytochrome c
slightly suppressing the ionization of ubiquitin resulting in a greater overall abundance of
cytochrome c compared to ubiquitin (Figure 5.4c). Other factors, such as protein
unfolding dynamics and protein conformation may also play a role in the observed
partitioning of the proteins.
Basic vapors were exposed to the proteins to observe the effect of “wrong-way
round” conditions on the partitioning of the proteins. An aqueous equimolar cytochrome
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d). When ammonia vapor is doped into the curtain gas, the abundance of ubiquitin
slightly increases relative to the abundance of cytochrome c (Figure 5.5 b and e) as
compared to the use of no reagent in the curtain gas (Figure 5.5 a and d). When
piperidine vapor is introduced into the desolvation gas, the more basic protein
cytochrome c is observed while no ubiquitin ions are observed (Figure 5.5 c and f). In the
positive polarity, the introduction of basic vapor into the curtain gas biases electrospray
ionization selectivity in favor of the high pI species.
A protein mixture covering a wide range of pI values (Table 5.3) was exposed to
acidic and basic vapors in the positive polarity to further investigate the partitioning of
bioanalytes based on analyte pI and reagent pKa. An aqueous equimolar mixture of
lysozyme (pI 10.5), cytochrome c (pI 9.7), ubiquitin (pI 6.6), and α-lactalbumin (pI 5.4)
was exposed to no vapor (Figure 5.6a), formic acid vapor (Figure 5.6b), acetic acid vapor
(Figure 5.6c), HCl vapor (Figure 5.6d), ammonia vapor (Figure 5.6e), and piperidine
vapor (Figure 5.6f). When no vapor is introduced into the desolvation gas, lysozyme and
cytochrome c ions are the most abundant ions observed in the spectrum with ubiquitin
present at a low abundance (Figure 5.6a). When formic acid vapor is doped into the
desolvation gas, all four protein species are observed in the spectrum (Figure 5.6b).
However, lysozyme ions are present at a lower relative abundance when formic acid
vapor is introduced into the curtain gas compared to the use of no vapor in the curtain gas
(Figure 5.6a). Doping acetic acid into the curtain gas results in the +8 ubiquitin ion
having a slightly higher abundance (Figure 5.6c) compared to the use of formic acid
vapor (Figure 5.6b). Incorporating HCl vapor into the N2 curtain gas results in a broad
distribution of cytochrome c centered around the +17 cytochrome c charge state and a
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wide distribution of α-lactalbumin centered around the +10 charge state (Figure 5.6d).
Doping HCl vapor into the curtain gas appears to have facilitated the unfolded of both αlactalbumin and cytochrome c thus allowing more charge sites to be accessible for
protonation (Figure 5.6d). When acidic vapors are introduced into the curtain gas, all four
proteins present in the electrosprayed solution are observed (Figure 5.6b-d) compared to
the use of no vapor in the curtain gas where α-lactalbumin is not observed in the
spectrum (Figure 5.6a). The introduction of ammonia vapor into the N2 desolvation gas
results in a broader distribution of cytochrome c (Figure 5.6e) compared to the use of no
vapor in the desolvation gas (Figure 5.6a). Additionally, only the +10 charge state of αlactalbumin is present in the spectrum (Figure 5.6e). When piperidine vapor is doped into
the curtain gas, lysozyme and ubiquitin ions are observed while cytochrome c and αlactalbumin ions are not observed in the spectrum (Figure 5.6f). It is notable that
cytochrome c is not observed in the spectrum since it has the second highest pI value
(Table 5.3). However, when a mixture of solely cytochrome c and ubiquitin is exposed to
piperidine vapor, only cytochrome c ions are observed in the spectrum (Figure 5.5c and
f). Other variables in addition to protein pI and reagent vapor pKa may influence the
partitioning of proteins within ESI droplets.
The influence of acidic and basic vapors on the ESI selectivity of bioanalyte
mixtures was also investigated in the negative polarity. An aqueous equimolar mixture of
cytochrome c and ubiquitin was ionized in the negative polarity using nESI with the
droplets exposed to no vapor (Figure 5.7a), ammonia vapor (Figure 5.7b), piperidine
vapor (Figure 5.7c), acetic acid vapor (Figure 5.7d), and HCl vapor (Figure 5.7e). The
respective deconvoluted spectra obtained when the nESI droplets are exposed to no vapor
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piperidine vapor is admitted into the curtain gas, both cytochrome c and ubiquitin ions
are observed in the spectrum (Figure 5.7c and Figure 5.8c). The introduction of
piperidine effectively increases the droplet pH thereby assisting the deprotonation of both
ubiquitin and cytochrome c ions in the negative mode. When acetic acid vapor is
introduced into the desolvation gas, only ubiquitin ions are observed (Figure 5.7d). This
is presumably due to the ubiquitin (pI 6.6) ions being more easily deprotonated than
cytochrome c (pI 9.7) ions in the negative polarity when the “effective” droplet pH is
decreased. Upon the introduction of HCl vapors, both cytochrome c and ubiquitin ions
are observed in the spectrum and the protein ions have HCl adducts (Figure 5.7e). This is
notable because the addition of HCl vapor decreases the “effective” droplet pH making
the ionization conditions “wrong-way round” thereby theoretically biased towards
ionization of the more acidic analytes in the mixture. However, both cytochrome c and
ubiquitin ions were observed with cytochrome c ions have a slightly broader charge state
distribution and a slightly higher average charge state centered around -10.5 whereas
ubiquitin was centered around approximately -4.5 (Figure 5.7e). The cytochrome c ions
may be ionizing by the CEM whereas the ubiquitin ions may be ionizing via the CRM.
Ions ionized by the CEM tend to have extended structures, possibly unfolded, and be
surface active, thereby allowing the species to have higher charge than that typically
observed for species ionized by the CRM.30 This data suggests that the ionization
formation mechanism may also contribute to which analyte ions, derived from a mixture,
are observed in the mass spectra (Figure 5.7e).
The partitioning of protein mixtures during ESI upon exposure of the droplets to
acidic and basic vapors was also investigated in the negative polarity. An aqueous
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equimolar solution of lysozyme, cytochrome c, ubiquitin, and α-lactalbumin was ionized
in the negative mode via nESI with the droplets subjected to no vapor (Figure 5.9a),
ammonia vapor (Figure 5.9b), trimethylamine vapor (Figure 5.9c), triethylamine (Figure
5.9d), piperidine vapor (Figure 5.9e), and acetic acid vapor (Figure 5.9f). The vapors
introduced into the curtain gas cover a wide range of pKa values (Table 5.2) and the
proteins cover a wide range of pI values (Table 5.3). When no vapor or ammonia vapor

Table 5.2 The pKa and vapor pressure of the vapors doped into the curtain gas and
exposed to nESI droplets.
Vapor
Hydrochloric Acid
Acetic Acid
Formic Acid
Ammonia
Trimethylamine
Triethylamine
Piperidine

pKa
-8.0
8.2
7.1
9.21
9.76
10.65
11.22

Vapor Pressure (Torr)
3.19 x 104 at 20°C34
11.9 at 20°C35
33.6 at 20°C36
6.37 x 103 at 20°C34
688 at 21°C37
51.7 at 20°C38
23 at 20°C39

Table 5.3 The isoelectric point, pI, of several proteins used in this study.
Protein
Bovine Lysozyme
Bovine Cytochrome c
Bovine Ubiquitin
Chicken Egg White α-Lactalbumin

Isoelectric Point, pI
10.5
9.7
6.6
5.4

is introduced into the N2 curtain gas, only α-lactalbumin and ubiquitin ions are observed
in the respective spectra (Figure 5.9a and b). Moreover, α-lactalbumin and ubiquitin are
the two most acidic proteins in the mixture (Table 5.3). Doping ammonia into the
desolvation gas narrows the charge state distribution of α-lactalbumin and ubiquitin

157
(Figure 5.9b) compared to the spectrum obtained when no vapor is admitted into the
desolvation gas (Figure 5.9a). The introduction of trimethylamine into the curtain gas
results in a broad distribution of α-lactalbumin and ubiquitin ions with the ubiquitin
distribution centered around the -5 charge state and the α-lactalbumin ion distribution
centered around the -8 charge state (Figure 5.9c). When triethylamine vapor is doped into
the curtain gas, cytochrome c ions are now observed in the spectrum (Figure 5.9d) and
the distribution of α-lactalbumin and ubiquitin ions is broader than that obtained when
trimethylamine vapor is used in the curtain gas (Figure 5.9c). Presumably the distribution
of α-lactalbumin and ubiquitin ions broadens and shifts towards a higher charge, lower
m/z, with the increasing pKa value of the reagent vapor dopant due to the more basic
vapors more effectively denaturing or unfolding the proteins to make more charge sites
accessible (Figure 5.9a-d). Admitting piperidine vapors into the curtain gas allows all
four proteins in the solution mixture to be observed in the spectrum (Figure 5.9e)
compared to the use of no vapor or vapor with a lower pKa (Table 5.2) introduced into
the curtain gas (Figure 5.9a-d). The piperidine vapor (Figure 5.9e) dopant causes the
protein ion distributions to further broaden and shift to higher charge states, lower m/z,
compared to the use of triethylamine vapor in the curtain gas (Figure 5.9d). In the
negative polarity, as the pKa of the vapor doped into the curtain gas, the number of
protein species observed in spectra increases. However, as the pKa of the basic vapor
dopant increases, the charge state distributions of the observed proteins broadens and
shifts towards higher charge, lower m/z, due to the basic vapors effectively increasing the
droplet pH thereby denaturing the proteins located within the nESI droplets. When acetic
acid vapor is admitted into the curtain gas, only α-lactalbumin and ubiquitin ions are
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observed due to α-lactalbumin and ubiquitin being the most basic proteins in the droplet
thereby more easily deprotonated compared to the other protein species (Figure 5.9f).
Basic vapors can be doped into the curtain gas to increase the number of protein analytes
ionized in the negative polarity based on the protein pI and reagent vapor (pKa). To
maximize the number of proteins observed in mass spectra in the negative polarity,
vapors with high pKa values can be doped into the curtain gas. In order to alter ESI
selectivity in favor of the most basic peptides, no vapor, weakly acidic, or weakly basic
vapors can be admitted into the curtain gas.

5.3.3Acidic Protein Mixtures Exposed to Various Vapors
The influence of various acidic and basic vapors on the ESI selectivity of a
protein mixture prepared in an acidic solution was examined in the positive polarity. An
equimolar mixture of lysozyme, cytochrome c, ubiquitin, and α-lactalbumin was buffered
to pH 2.37 using acetic acid and the solution was ionized in the positive polarity via nESI
with the droplets exposed to no vapor (Figure 5.10a), formic acid vapor (Figure 5.10b),
acetic acid vapor (Figure 5.10c), HCl vapor (Figure 5.10d), and ammonia vapor (Figure
5.10e) with a spectrum collected post-ammonia vapor exposure (Figure 5.10f). The
spectra obtained when the nESI droplets containing the protein mixture was exposed to
no vapor (Figure 5.10a), formic acid vapor (Figure 5.10b), acetic acid vapor (Figure
5.10c), and HCl vapor (Figure 5.10d) were zoomed-in to obtain the respective Figure
5.11a, b, c, and d spectra so that the lower intensity protein ions could be more easily
observed. When no vapor is introduced into the N2 desolvation gas, a bimodal
distribution of ubiquitin is observed with one distribution centered around the +12 charge
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state and a second distribution centered around the +7 charge state (Figure 5.10a and
Figure 5.11a). Ions from all four proteins are observed with cytochrome c and ubiquitin
being the most abundant protein species. It is notable that the most basic protein
lysozyme is approximately the least abundant protein in the spectrum obtained (Figure
5.10a and Figure 5.11a). This observation may be a result of the other proteins more
effectively competing for charge due to their solution denaturation in the presence of acid
thereby suppressing the ionization of lysozyme during the ESI process. Since the protein
mixture was prepared with 10 μM of each protein, ion suppression is expected,40,41,42
particularly for a mixture containing components with multiple charge sites. Lowering
the concentration of each protein to approximately 1 μM may reduce the ion suppression
observed with lysozyme in Figure 5.10a and Figure 5.11a. When formic acid is
introduced into the desolvation gas, primarily ubiquitin ions are observed with
cytochrome c, lysozyme, and α-lactalbumin ions being lower in abundance (Figure 5.10b
and Figure 5.11b). When acetic acid vapor is admitted into the desolvation gas, the
spectrum obtained (Figure 5.10c and Figure 5.11c) is similar to that obtained when
formic acid vapor is introduced (Figure 5.10b and Figure 5.11b). However, the
introduction of acetic acid vapor (Figure 5.10c and Figure 5.11c) further decreases the
intensity of the lysozyme ions compared to the use of formic acid vapor (Figure 5.10b
and Figure 5.11b). When HCl vapor is introduced into the curtain gas, primarily ubiquitin
ions are observed along with lower intensity cytochrome c and lysozyme ions and no αlactalbumin ions present (Figure 5.10d and Figure 5.11d). The +6 charge state of
ubiquitin is present with HCl adducts (Figure 5.10d and Figure 5.11d). It is interesting
that as the pKa of the vapor exposed to the nESI droplets is decreased, the presence of α-
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observed in spectra. When ammonia vapor is doped into the curtain gas, only ubiquitin
and cytochrome c ions are observed (Figure 5.10e). The +4 charge state of ubiquitin is
highly adducted with potassium ions (Figure 5.10e). It is notable that cytochrome c and
ubiquitin are the dominant protein ions observed as they have a lower pI than lysozyme
(Figure 5.10e and Table 5.3). The high degree of adduction present on the ubiquitin and
cytochrome c ions observed in the spectrum obtained using ammonia vapors in
expected15 in that the ammonia vapors are changing the pH of the droplet by neutralizing
the acetic acid within the droplet and introducing a “wrong-way round” ionization
condition (Figure 5.10e). Higher alkali metal adduction has been observed with proteins
ionized under “wrong-way round” conditions.15,43,44 The neutralization of acetic acid in
the droplet upon the introduction of ammonia vapor is also reflected in the lower charge
states, higher m/z, of the protein ions observed (Figure 5.10e). Immediately after
ammonia vapor was removed from the curtain gas, a spectrum was collected (Figure
5.10f). When the ammonia vapor is removed, the protein charge state distributions
immediately shift to higher charge states, lower m/z with α-lactalbumin ions being
observed as well as cytochrome c and ubiquitin ions. The mechanism behind certain
proteins being observed in spectra when the proteins are ionized from denaturing
conditions with the nESI droplets exposed to various acid and basic vapors requires
further elucidation. These experiments suggest that other factors in addition to protein pI
and reagent vapor pKa are important in the ESI selectivity of protein mixtures. These
additional variables may include protein concentration and protein surface activity.
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5.3.4 Creating an Ammonium Bicarbonate Buffer in the Curtain Gas
Carbon dioxide is a commonly used curtain gas, and is particularly useful in
studies where electrical arching is a concern since it has a lower electrical breakdown
voltage than N2 gas.23,24 Additionally, carbon dioxide is known to interact with water to
form carbonic acid, which makes an aqueous solution slightly acid.20,21,22 To examine
whether CO2 gas and ammonia vapor could be used to buffer nESI droplets, an aqueous
solution of cytochrome c was prepared in 50 mM ammonium bicarbonate (Figure 5.12a)
or buffered to pH 3.6 using acetic acid (Figure 5.12b-e). An aqueous solution of
cytochrome c was buffered to pH 3.6 and ionized in the positive polarity with the droplets
neither exposed to CO2 nor ammonia vapor (Figure 5.12b). An aqueous solution of
cytochrome c was prepared at pH 3.6 and ionized via nESI in the positive polarity with
the nESI droplets exposed to ammonia vapor carried by N2 curtain gas, but not CO2 gas
(Figure 5.12c). An aqueous solution of cytochrome c buffered to pH 3.6 was ionized in
the positive polarity with the nESI droplets exposed to ammonia vapor carried by CO2
curtain gas (1.36 L/min) (Figure 5.12d). Lastly, an aqueous solution of cytochrome c
prepared at pH 3.6 was ionized using nESI in the positive mode with the nESI droplets
exposed to ammonia vapor carried by CO2 curtain gas (0.075 L/min) (Figure 5.12e). The
spectrum obtained for ammonium bicarbonate buffered cytochrome c shows a narrow
distribution of cytochrome c ions centered around the +8 charge state with the average
abundance-weighted charge (qave) for cytochrome c being 7.9 (Figure 5.12a). The
spectrum of cytochrome c prepared at pH 3.6 shows a slightly broader distribution of
cytochrome c shifted towards a slightly higher charge state, lower m/z, and a qave of 9.3
(Figure 5.12b) as compared to the spectrum obtained with cytochrome c prepared in
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cytochrome c (Figure 5.12 c and d) presumably due to the formation of carbonic acid,
which further acidifies the nESI droplets, and neutralizes some of the ammonia.
Lowering the flow rate of CO2 from 1.36 L/min (Figure 5.12d) to 0.075 L/min (Figure
5.12e) while introducing ammonia vapor results in a spectrum that is comparable to that
observed when cytochrome c is prepared in ammonium bicarbonate buffer (Figure
5.12a). Lowering the flow rate of CO2 from 1.36 L/min (Figure 5.12d) to 0.075 L/min
(Figure 5.12e) not only lowers the amount of CO2 exposed to nESI droplets, which
influences the degree of carbonic acid formed within the nESI droplets, but also the
amount of ammonia vapor exposed to the nESI droplets. The CO2 gas flows over a
culture tube containing ammonia and the CO2 gas picks up the ammonia vapor. In
summary, ammonia vapor can be doped into CO2 gas to buffer a slightly acidic protein
solution, but both the amount of ammonia entrained in the curtain gas and the flow rate of
the CO2 curtain gas influence the buffering capacity.
The use of ammonia vapor and CO2 gas to buffer a slightly acidic ubiquitin
solution was also examined. A solution of ubiquitin prepared in 50 mM ammonium
bicarbonate was ionized in the positive polarity via nESI (Figure 5.13a). A solution of
ubiquitin buffered to pH 3.6 using acetic acid was ionized via nESI with no ammonia
vapor and no CO2 gas exposure (Figure 5.13b). A solution of ubiquitin buffered to pH 3.6
was exposed to ammonia vapor carried by N2 curtain gas (Figure 5.13c). Ubiquitin
prepared in a pH 3.6 solution was exposed to ammonia vapor entrained within CO2 gas
(1.36 L/min) (Figure 5.13d) or CO2 gas (0.075 L/min) (Figure 5.13e). When ammonia
vapor is introduced into N2 desolvation gas, the ubiquitin solution buffered to pH 3.6
shifts from a qave of 7.3 (Figure 5.13b) to 6.5 (Figure 5.13c), which is consistent with the
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bicarbonate (Figure 5.13e). However, the spectrum obtained when ubiquitin is prepared
in 50 mM ammonium bicarbonate has a slightly higher qave and the ubiquitin ions are
more adducted than the spectrum obtained when a ubiquitin solution buffered to pH 3.6 is
exposed to CO2 gas (0.075 L/min) entrained with ammonia vapor (Figure 5.13e). A low
CO2 gas flow rate entraining ammonia vapor can be used to buffer a slightly acidic
protein solution during the ESI process.

5.3.5 Various Mixtures exposed to Carbon Dioxide
The effect of CO2 desolvation gas on the ESI selectivity of a variety of amino acid
and drug mixtures was investigated in the positive mode. An equimolar aqueous solution
of histidine, arginine, lysine, glycine, aspartic acid, and phenylalanine buffered to pH 3.8
with acetic acid was ionized in the positive polarity via nESI with the nESI droplets
exposed to N2 desolvation gas (Figure 5.14a) and CO2 desolvation gas (Figure 5.14b).
The amino acid hydrophobicity and pKa values are shown in Table 5.4. Moreover, the

Table 5.4 The isoelectric point, pI, and Bull and Breese and XLOGP3 hydrophobicity
values for several amino acids.
Amino Acid
Arginine (Arg)
Histidine (His)
Lysine (Lys)
Alanine (Ala)
Glycine (Gly)
Valine (Val)
Phenylalanine (Phe)
Proline (Pro)
Aspartic Acid (Asp)

pI
10.76
7.59
7.59
6
5.97
5.96
5.48
6.30
2.77

Bull and Breese45
690
690
690
610
810
-750
-1520
-170
610

XLOGP346
-4.2
-3.2
-3.2
-3
-3.2
-2.3
-1.5
-2.5
-2.8
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greater and more positive the Bull and Breese value, the more hydrophilic the amino
acid.45 For the octanol/water partitioning value (XLOGP3), the more positive and greater
the value, the more hydrophobic the amino acid.47 This amino acid mixture contains
basic and acidic amino acids as well as the polar amino acid glycine. When the amino
acid mixture is exposed to CO2 curtain gas (Figure 5.14b) as opposed to N2 curtain gas
(Figure 5.14a), the most acidic amino acid aspartic acid (Table 5.4) increases the most in
intensity (11216 ± 3668%) as followed by glycine (1031 ± 494%), the most polar amino
acid in the mixture (Table 5.5). Presumably, the aspartic acid intensity was enhanced
partially due to the CO2 gas reducing the pH of the droplet via the formation of carbonic
acid. In general, the exposure of the slightly acidic amino acid mixture to CO2 increased
the intensity of each amino acid in the mixture to some extent (Table 5.5, Figure 5.14).
These amino acid ions are most likely formed via the ion evaporation mechanism

Table 5.5 The change in amino acid intensity for an amino acid mixture of histidine
(His), arginine (Arg), lysine (Lys), glycine (Gly), aspartic acid (Asp), and phenylalanine
(Phe) prepared in a pH 3.8 solution ionized in the positive polarity upon exposure of the
amino acid containing nESI droplets to CO2 curtain gas relative to N2 curtain gas.
Amino Acid
Glycine (Gly)
Aspartic Acid (Asp)
Lysine (Lys)
Histidine (His)
Phenylalanine (Phe)
Arginine (Arg)

Percent Change in Intensity with CO2 Gas
1031 ± 494
11216 ± 3668
304 ± 30
128 ± 14
248 ± 50
15 ± 5
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methanol molecules disrupt the hydrogen-bonding network, thereby enhancing the ion
ejection rate of ammonium ions and solvent evaporation.50 Presumably, CO2 gas may
similarly interact with nESI droplet surfaces to disrupt the hydrogen-bonding network to
increase the ion ejection rates of analytes. Alternatively, the CO2 may be reducing the
energy barrier necessary for the solution ions to escape the droplet to become gas-phase
ions.30
An additional amino acid mixture was examined by exposing the amino acid
containing nESI droplets to either carbon dioxide or methanol vapor entrained within N2
gas. An equimolar aqueous solution of glycine, alanine, proline, phenylalanine, and
valine was ionized in the positive mode via nESI with the droplets exposed to N2 curtain
gas (Figure 5.15a), methanol vapor (25%) doped into the N2 curtain gas (Figure 5.15b),
and CO2 curtain gas (Figure 5.15c). Admitting methanol vapor into the N2 curtain gas
resulted in the formation of methanol cluster ions, e.g. (CH3OH)Na+, (CH3OH)2H+, and
(CH3OH)2Na+ (Figure 5.15b). When methanol vapor is admitted, the protonated glycine
(Figure 5.15b) can be observed whereas with no methanol vapor exposure glycine is not
observed in the mass spectrum (Figure 5.15a). The intensity of alanine and proline
decrease whereas phenylalanine increases in intensity when the nESI droplets are
exposed to methanol vapor (Figure 5.15b, Table 5.6) compared to the use of N2 curtain
gas without an added dopant (Figure 5.15a, Table 5.6). When CO2 desolvation gas is
utilized, the intensity of phenylalanine, the most apolar amino acid in the mixture,
increases the most in intensity, whereas the other amino acids generally increase in
intensity to a lesser extent (Figure 5.15c, Table 5.6) compared to the use of N2
desolvation gas (Figure 5.15a, Table 5.6). This suggests that the hydrophobicity or
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Table 5.7 The pKa and XLOGP3 values for lidocaine, bupivacaine, and warfarin and the
change of intensity for the respective drugs upon exposure to CO2 curtain gas as
compared to N2 curtain gas.
Drug
Lidocaine
Bupivacaine
Warfarin

pKa
7.94
8.1
4.50

XLOGP346
2.3
3.4
2.7

Percent Change in Intensity with CO2 Gas
1.6 ± 3.6
10 ± 1
34 ± 12

5.4 Conclusions
The electrospray ionization selectivity can be manipulated by exposing ESI
droplets to acidic or basic vapors, which effectively change the droplet pH. Other
variables, such as ionization polarity, reagent vapor pKa and vapor pressure, also
influence the ESI selectivity. A benefit of this vapor exposure technique is that the effect
is reversible since once the vapor is removed from the curtain gas, the spectrum no longer
reflects a pH change. In the positive polarity, the exposure of nESI droplets to acidic
vapors increases the number of analytes of a particular mixture that are observed in
spectra. However, introducing basic vapors into the curtain gas in the positive polarity
increases the ESI selectivity, such that only the most basic ions are observed in spectra.
In the negative polarity, basic vapor entrained within the curtain gas leads to the most
universal ionization, particularly those basic vapors with high pKa values. Whereas the
introduction of acidic vapors into the negative polarity narrows the ionization selectivity,
such that only the most acidic analyte ions are observed in the mass spectra.
Slightly acidic protein solutions can be buffered via the introduction of ammonia
vapor entrained within a low flow of CO2 desolvation gas. The spectra obtained under
these conditions resemble spectra obtained for proteins prepared in ammonium
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bicarbonate buffer with the nESI droplets exposed to N2 desolvation gas. Using CO2 as a
desolvation gas can be used to alter the partitioning of small molecule mixtures. In amino
acid and drug mixture studies, the most acidic and most hydrophobic analytes within a
mixture tended to have the highest degree of signal enhancement upon exposure to CO2
desolvation gas as compared to N2 desolvation gas with some exceptions. Presumably,
the most acidic analyte ions are enhanced due to the CO2 slightly acidifying the nESI
droplet via the formation of carbonic acid. The most hydrophobic species may be
enhanced due to CO2 interacting with the nESI droplet surface to disrupt the hydrogenbonding network or reducing the energy barrier for solution ions to escape the droplet,
which possibly enhance the formation of ions via the ion evaporation model. However,
the mechanism by which CO2 vapors interact with nESI droplets to enhance particular
ions derived from mixtures needs further elucidation. In summary, acidic and basic
vapors as well as CO2 gas can be used to alter the ESI selectivity of analyte ions derived
from mixtures.
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