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Some tenets pertaining to electrospray
lonization mass spectrometry
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The field of electrospray ionization mass spectrometry is reviewed with emphasis placed upon advances in the
elucidation of fundamental mechanistic aspects of the ionization process that have been reported over the past
10 years. The analytical consequences of these findings are also examined. Eight central conclusions or ‘tenets’
are presented, as deduced from the body of work contained in 80 references. Copyrig@t 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION to cover a wide range of sub-topics, it was not possible
to discuss every nuance of each issue. Furthermore, the
list of eight tenets is by no means exhaustive, nor is it
intended to represent a final version or definitive depiction
of the electrospray process. Rather, it is a compilation of a
limited number of conclusions, supported by experimental

In recollecting the day that Graham Cooks approached me
about writing an article describing ‘What we know for
sure about electrospray,” my immediate reaction was to

perceive the proposition as a challenge. Was it the appro-€Vidence, that were not obvious a decade ago when
priate time? Had the field matured sufficiently beyond th€ gréying cloud of potential electrospray applications

the clamorous debates of the mid-1990s? Could the00oming overhead was just about to burst open. Of course,

cacophony of the annual ‘showdowns’' at ASMS meet- in hindsight, the keys that one had struggled to find
ings and workshops where view and rebuttal, point and ©© Uniock a mystery, often dangle so blatantly in view.
counterpoint had raged for years, now be restructured into " Nally, if this list may inspire the elucidation of some yet
a harmonious symphony? | thought back to a conversa-Undiscovered ‘tenets of the future,’ | look forward to it
tion that | had in 1995 with John Fenn where he had P€coming less and less complete as time rolls on.

aptly analogized the state of the debate on the mechanism

of electrospray ionization at that time to the classic chil-

dren’s story of the Blind Men and the Elephant. As you 1. THE ELECTROSPRAY ION SOURCE HAS

will recall, each man described the elephant in a com- OPERATIONAL CHARACTERISTICS OF A
pletely different manner, depending on the body part that coNTROLLED-CURRENT ELECTROLYTIC
he was touching. | asked myself ‘are we still blind men?’ £ ow cCELL

Could one possibly write a consensus article if no con-
sensus existed? | confirmed my willingness to participate
in the project and stumbled off to search for some aspirin. |, electrospray ionization (ESI), a high voltage is applied
The structure of this presentation represents somethingy, the metal ESI capillary through which a sample solution
of a departure in form from those of previous reviews of s emerging. If the counter-electrode is large and planar
electrospray phenomena. This commentary is organized iNcompared with the working electrode, the value of the
the framework of a few brief statements (herein referred to gjectric field Ee, in the air at the capillary tip can be
as ‘tenets’) regarding mechanistic and analytical aSpeCtSapproximatea frbm the following equatién?®
of electrospray that have been elucidated owing to the
considerable efforts and creativity of many individuals E.—2V In(4d 1
working in the field. Particular effort has been made to ¢ o/lreIn(4d/ro)l @
highlight advances that were achieved within the decade
of the 1990s. Owing to space limitations and the desire

wherer. is the capillary outer radiusy. is the applied
electric potential and! is the distance from the capil-
lary tip to the counter-electrode. The electric field strength

. . ~ _ -1 2’3 . . . .
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764 R. B. CO

migrate in the direction of the metal ESI capillary (rel-
atively positive potential), whereas cations migrate away
from the metal capillary in the direction of the counter-
electrode. The electric field that gives a push to the pos-
itive ions is counterbalanced by the surface tension of
the liquid. At sufficiently high electric field strengths a
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dynamic cone of liquid referred to as a ‘Taylor cohwill

form at the capillary exit. Owing to the high voltage differ-
ence between the ESI capillary and the counter-electrode,
oxidation reactions occur at the metal—solution interface
of the ESI capillary. These oxidation processes (positive
ion mode) ma7y take several forms, such asptoduction
from water®~
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i
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Figure 1. Schematic illustration showing the expected interde-
pendence of the potential at the electrode—solution interface,
Egss, in the ES capillary as a function of the ES current, s, based
on the operation of an ES ion source as a controlled-current
) electrolytic cell. Solid line: three electroactive species, A, B
and C, are present in the solution at equal concentration, with

. . . . electrode potentials Ep+/a < Eg+/g < Ec+,c. Dashed line: only the

In the negative ion mode, of course, the direction gjectroactive species C is contained in the solution. Reprinted

of electrophoretic movement of anions and cations is with permission of the American Chemical Society from Ref. 9.
reversed relative to the above discussion, and reduc-

tion reactions occur at the metal ESI capillary. These . . - -
electrochemical reactions are essential to sustaining theS0Ivent, it is the flow-ratess is the specific conductivity
continuous production of charged droplets of one polar- @1d Ec is the imposed electric field [see Eqn (1)]. Some
ity. Similarly, at the counter-electrode where there is a Work has been performed to experimentally evaluate the
continuous arrival of charged species of one polarity, it €XPonentsv, n, ande, and the values obtained (aH0)

is necessary to perform a second electrochemical reacWere found to correlate reason%t?i% well with those pre-
tion. In the positive ion mode, this second reaction must dicted by the Hendricks equatior” G. J. Van Berkel

be a reduction. Logically, the counter-electrode reaction (Unpublished results) observed that the actual values of
in the negative ion mode is an oxidation. When this the exponents were interdependent, with the product of
second reaction occurs, a special type of electrical cir- the three exponentene) giving an approximately con-
cuit has been completed. Accordingly, Kebarle and co- stant value of about 4/7. Employing 1-octanol solutions

workers8 recognized the electrospray source as a specialcontaL”ing volume fractions of 450, varying from 0.3
type of electrolytic cell in which electrolysis maintains the 0 0.5%, Fernandez de la Mora and Loscertdlesported

charge balance to allow continuous production of charged that the current varies in proportion to the square root
droplets. of flow-rate and electrical conductivity (i.e.= 1/2 and

Further refinement of the description of the electro- 7 = 1/2).
lytic nature of the electrospray source by Van Berkel ~Evidence to support the analogy to the CCE flow

and Zho§° led to its characterization as a controlled- Cell came from experiments whereigs was raised by
current electrolytic (CCE) flow cell. Thus, the potential augmenting solution conductivity (as predicted by the
at the solution—ESI capillary interface is a function of Hendricks equation) and the amount of electroactive
the magnitude of the ESI current, and the redox poten- analyte (pogphyrm) undergoing oxidation was observed
tials and concentrations of solution species. In positive 10 increasé:” In the absence of electrolyte, very low cur-
ion experiments, the implication is that in order to sup- éntswere anticipated and observed. In this case, oxidation
ply a certain demanded ESI current, the potential at the ©f the porphyrin did not occur, presumably because suf-
electrode/solution interface attains a value to permit the ficient quantities of more easily oxidized contaminants
oxidation process that is characterized by the lowest oxi- Were present to maintain the lower current levels, hence
dation potential, as determined by the solution compo- the value of the interfacial potential within the capillary,
nents and the materials present in the capillary (Fig. 1). E€/s, was below the minimum required to oxidize the ana-
If the conversion rate of the most electroactive species lyte. However, when the magnitude &fs was increased,

at the metal—solution interface is insufficient to produce €ither by elevating the electrolyte concentration (and thus
the required current, the potential will rise to a point conductivity) or by raisingEc, porphyrin oxidation was
where the next most easily oxidized species undergoesobserved. Further corroboration of the CCE nature of the

electron removal, and so on, until the demanded currentESI source came when a more easily oxidized electrolyte
is produced:® (ferrocene) was added to porphyrin solutions causing oxi-

The current,igs, at the electrospray capillary (equiv- dation of the latter to be shut down, while addition of
alent to the rate at which charge leaves the capillary in anthracene (more difficult to oxidize) resulted in no oxi-
the form of charged droplets) has been expressed in thedation of anthracen®?’

theoretically derived Hendricks equatidmresented here Although electrolytic processes are often transparent
in modified® form: to the end user (particularly in cases where electrolysis

products are non-ionic or have low desorption coeffi-
3) cients), it should be noted that when aqueous solutions are

employed, pH changes attributable to the electrochemical
whereH is a constant whose value will vary depending reaction of water can affect the appearance of the mass
upon the dielectric constant and the surface tension of thespectrum. The effect will be particularly pronounced when

2H,0 = 0, + 4H" +4e  E° (vs standard
hydrogen electrode= 1.229 V

iES = HUFUgEf:
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SOME TENETS PERTAINING TO ELECTROSPRAY 765

low flow-rates such as those common to the nanospraythe droplets becomes smaller, but the charge that they
mode (tens of nl min') are employed, non-buffered solu- carry remains constant. This results in increasing electro-
tions are used and/or difficult to oxidize metals constitute static stress near the surface of a given droplet. When
the spray capillary (or contacté)n these cases, the avail- the force of electrostatic repulsion between like charges
ability of protons relative to other cations in the final becomes equal to the surface tension force holding the
droplets is likely to have been altered significantly dur- droplet together, the so-called ‘Rayleigh stability limit’
ing the ESI process. Such a change can substantiallyhas been reached as defined by the Rayleigh equatfon:
influence the abundances of protonated and multiply pro-

i i = 8r(eqyR>)Y? (4)
tonated molecules versus other types of solution cations, 4R oy’

and it will also exert a more subtle effect on the charge whereg is the excess charge on the droplet of radtug
state distributions of multiply_ protonated species. These i the surface tension ang is the permittivity of vacuum.
latter two factors may have important consequences for — j,st prior to reaching the Rayleigh stability limit,
quantitative analyses. droplets undergo what is referred to as ‘Coulomb fis-
sion,” a process which leads to the production of smaller
‘offspring’ droplets. Thus, charged droplets are not static
entities, but rather they may distort from spherical into
oblate or prolate shap&3$? Shape irregularities of this
type stimulate disruptions in which a ‘stream’ of much
smaller droplets are emitted in what was originally termed
an ‘uneven fission’ event because the combined total of off-
. ) ) spring droplets carry off only about 1-2.3% of the mass
At the origin of the continuous production of charged 5,4 10-18% of the charge of the parent dropldiigure 2
species of a given polarity are electrochemical redox (from Gomez and Tarig) shows a photograph of an
processes that occur at the ESI capillary. The excessyneyen fission event, more recently referred to as ‘droplet-

charges accumulate near the end of the capillary andjet fissjon,? in progress. A monodisperse distribution of
are electrically attracted to the counter-electrode, causing

the emerging liquid to elongate in the direction of the
counter-electrode. It is the surface tension of the liquid,
however, that provides an opposing force to hold the
solution together. The balancing of these two opposing
forces results in the formation of the dynamic Taylor cone

at the exit of the ESI capillary. At the apex of the Taylor
cone a ‘jet’ of liquid emerges wherein the charge density
attains such a high value that the surface tension can
no longer hold together the emerging fluid. As charged
droplets emanate from the tip of the jet, stability has been
gained by droplet breakup because the excess charges
are spread over a larger surface area, thereby reducing
the Coulomb energy. This process produces a fine spray
of charged droplets of a single polarity that are directed ‘
toward the counter-electrode owing to the potential and,

to a lesser extent, pressure gradients. (a)

The radius of the jet emerging from the Taylor cone,
and hence, the initial radii of the formed droplets increase
approximately in proportion to (flow-raté§, as given by
Fernandez de la Morat al'? The radius of generated
charged droplets will also increase with decreasing con-
ductivity. This implies that the use of high conductivity
solutions and low flow-rates will result in the production
of the smallest droplets. The integrated charge emerging
from the ESI capillary in pulsed fashion (i.e. in the form of
charged droplets) can be considered as the ‘ESI current,’
and its magnitude is equal to the current generated by elec-
trochemical reactions at the capillary tip if ‘corona’ dis-
charges are not occurring. Electrical (corona) discharges
can also contribute to current at the ESI capillary, but
via a gas-discharge mechanism that the experimentalist
usually tries to minimizé2~1% The ESI current provides
a quantitative estimate of the maximum number of avail-
able charges that can be converted into gas-phaséféns, (b)
and substantial fluctuations in the current are indicators of Figure 2. Flash shadowgraphs showing droplets undergoing
spray instability and/or electrical discharge. Coulomb fission. The mean flow direction is from top to bottom.

As the solvent evaporates from charged droplets, USU-Reprinted with permission of American Institute of Physics from
ally with assistance from resistive heating, the size of Ref. 19.

2. DROPLET-JET FISSION INCREMENTALLY
BOOSTS THE CHARGE-TO-MASS RATIO IN
‘OFFSPRING’ DROPLETS

Copyright0 2000 John Wiley & Sons, Ltd. J. Mass Spectron85, 763772 (2000)
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offspring droplet sizes having radii roughly one-tenth that ~ This scenario involving indirect liberation of protons
of the parent droplets is obtained. The charge-to-mass ratiooriginating from the solvent can explain the origin of
is thus increased in the offspring droplets relative to the multiply protonated molecules that arise from highly
parent droplet which produced them, but the overall repul- basic solutions, where initial solution protonation is neg-
sive force of like charges near the droplet surfaces is attenu-ligible. The existence of these ‘wrong-way-round’ ions
ated because the charge is spread over a larger total surfaceerves as evidence that it is the charge imbalance in
area. The droplet-jet fission process may repeat itself a secthe final droplets that drives analyte charging and des-
ond, and perhaps a third, time upon further shrinkage of orption. While neutral solution equilibria certainly deter-
the offspring droplets. mine the initial ionic character of the analyte, it is
the excess charges in the final droplets that ultimately
impart charge (be it directly or indirectly) to the gas-

3. ANALYTE CHARGING AND DESORPTION phase ions. _
ARE DRIVEN BY EXCESS CHARGES PRESENT Definitive proof that droplet charging and solvent evap-
IN FINAL DROPLETS oration will lead to the release of gas-phase ions even

in the absence of a Taylor cone was provided by so-
called ‘droplet electrospray’ experimeftsvherein charge
Since the inception of electrospray ionizatfdrf? the was imparted to neutral falling droplets via a gas dis-
concept of droplet fission, be it in unrefined form, was charge process. In this arrangement, non-analyte ions
linked to the formation of gas-phase ions. However, in the formed during the gas discharge enter the initially neu-
early 1990s, many different views existed concerning the tral droplets, thus creating charged droplets in an alter-
relationship between the degree of charge associated withhative fashion to the solution electrochemistry process
an ion in a neutral solution (as determined by solution- outlined above in Tenet 1. It was found that sample solu-
phase equilibria) and the distribution of charge states tions that were charged in this manner gave mass spectra
observed in the ESI mass spectr&in?® Early reports on  virtually identical with those of the same solutions run
the multiple charging phenomenon correlated the numberby conventional ESI-MS. This observation implies that
of basic sites on protein molecules to the number of the cations originating from the gas discharge process
charges (protons) that could attach and were retained onwere converted to ion-paired species within the droplets,
analyte molecules in obtained ESI mass spectra’ thus liberating positive charges which ultimately served to
An apparent contradiction was posed by the observa-charge the analyte in the gas phase after droplet-jet fission
tions of Fenselau and co-workéfswhere, in the positive  occurred.
mode, an envelope of ions corresponding to multiply pro-
tonated myoglobin with a maximum charge statetdf4

was obtained from initially basic solutions (pH 10). At 4 |LARGE MOLECULES ARE IONIZED

this basic pH, solution-phase protonation is known t0 ACCORDING TO A CHARGED RESIDUE
be minimal, and myoglobin exists virtually exclusively sceNARIO

in anionic form. Moreover, in the negative ion mode
employing initial solutions of pH 3, an envelope of mul-
tiply deprotonated myoglobin molecules was observed to Two principal mechanisms have been put forward to
have a maximum charge state ofil1, even though itis  explain the process by which gas-phase ions originate
well known that myoglobin exists virtually completely in  from small, highly charged droplets. The first mechanism,
cationic form in solutions of this acidity. initially proposed by Dole and co-worket§2? depicts
Two explanations have been put forth to rationalize the a series of fission events that ultimately leads to the
observation of these so-called ‘wrong-way-round’ ions. production of final small droplets that bear one or more
Le Blancet al?® proposed that when small nitrogen bases excess charges, but only a single analyte molecule. As the
(e.g. amines) have been added to solution, multiply pro- last few solvent molecules evaporate, the excess charges
tonated proteins desorb with the nitrogen bases attachedpresent will become situated on the sites affording the
The desorbed complexes may then dissociate in the gagnost stable gas-phase analyte ion. This scenario is referred
phase, resulting in the partitioning of available charge to as thecharged residue modelCRM). Dole and co-
(protons) between the polypeptide and the nitrogen baseworkers reasoned that if the original concentration was
More recently, Boyd and co-workéfshave rationalized  sufficiently low, repeated Coulomb fission would produce
the appearance of protonated molecules (Nikh ESI droplets that contained only a single analyte molecule.
mass spectra obtained from strongly basic solutions whereThis analyte molecule would retain the ‘residual’ droplet
initial solution protonation of analyte molecules was neg- charge as the last solvent molecules evaporated, thus
ligible. An electrolyte which cannot be considered to be forming a ‘free’ gas-phase ion.
a source of protons (i.e. tetramethylammonium hydrox- The second mechanism, proposed by Iribarne and
ide) was used to raise the solution pH. A mechanism Thomsor:334 contends that solvated ions are emitted
was proposed entailing formation of a complex involv- directly from charged droplets after the radii of the
ing the analyte molecule, a tetramethylammonium cation droplets decrease to a suitable size. This depiction is
and water (solvent). The cation was proposed to inducetermed theion evaporation mechanisndEM). Iribarne
dissociation of water thus forming a [catianhydroxide] and Thomson reasoned that at a certain point prior to the
ion pair, with concomitant release of a proton. This lib- Rayleigh limit (e.g. radius<10 nm), the electric field on
erated proton originating from the solvent attaches to the the surface of the charged droplets is sufficiently high
analyte molecule as desolvation reaches completion, thusthat solvated ions may be emitted into the gas phase.
forming a gas-phase protonated molecule. They proposed that at an intermediate stage of the charged

Copyright0 2000 John Wiley & Sons, Ltd. J. Mass Spectron85, 763772 (2000)
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droplet’s lifetime, the charge density on the droplet sur- up to formationof the sphericalresidue this residuecon-
face, while still less than the Rayleigh limit, was suffi- tains,on averageabout70% of the chage corresponding
ciently high to lift a charged analyte molecule, entraining to the Rayleighlimit. Upon departureof the last solvent
with it a few solvent molecules, from the droplet surface molecules,these chages (whose number relatesto the
into the ambient gas. Rayleigh limit) becomeattachedto the gas-phaseden-
A fundamental distinction between the CRM and the drimers.Ontheotherhand,if thesecompacipolymerions
IEM lies in the manner whereby an analyte molecule weredesorbecy anion evaporatiorscenariothe chage
becomes separated from other solute molecules con-of a dendrimerion would be governedby the evapora-
tained in the droplet® In the IEM, separation occurs tion dynamicsof this large polymer, and would not be
when a single solvated analyte ion carrying some of the expectedo correlateto the anticipatedRayleighlimit. 3’
droplet’s charge is desorbed into the gas phase, thereby The debatestill ragesover the mechanismof desorp-
attenuating Coulomb repulsion. In the CRM, separation tion of smallerions. The latestjoustinghastakenplacein
occurs via successive fission events that ultimately pro-the domainof the salt clusters.Employing a differential
duce final charged droplets that contain only one analyte mobility analyzerand a particle size magnifier, Gamero-
molecule. However, this distinction can become foggy if CastanandFernandezela Mora™ putforwardthe view
one attempts to differentiate between the desorption of athat ion evaporationis responsiblefor the productionof
single solvated ion from a parent droplet (IEM) and a final tetraheptylammoniunbromide clustersobservedto con-
Coulomb fission event that produces an ultimate droplet tainasmanyas18ion pairs. Theyusedhighly conductive
consisting of a single analyte molecule in the presence solutionsto suppressCoulombfissions(insteadchage is
of excess charges and a few solvent molecules (CRM).shedby ion evaporation)therebyinhibiting tetraheptyl-
Moreover, any differences in the number of charges or ammoniumbromide clusterion formation via a chaged
the degree of solvation found in a desorbed ion producedresiduemechanismEmployingalkali metalhalidesastest
by an IEM scenario versus those found in an ultimate compoundsKebarle and Peschk& come down on the
charged droplet produced by CRM are not likely to be sameside of the fence as the above authors, pointing
pronounced. especiallyto the higher abundance®f Na* relative to
Despite the above controversy, a solid consensus hasNa(NaCl),* thatarepredictedby IEM. Their experimen-
emerged that ionic forms of very large molecules, includ- tally determinedmonatomicion:clusterion ratios were
ing multiply charged varieties, are formed in ESI-MS foundto correspondnorecloselyto IEM predictionsthan
according to a charged residue mechanisn¥® Fenn  CRM predictions,althoughthe predictedabundancesf
et al* cite the CRM as being applicable when the solute the Na(NaCl),* clusterswere somewhatiower than the
molecule has linear dimensions significantly larger than observedvalues.
the charged droplet that contains it. Most recently, Fernan-  |n rebuttaland championingthe opposingview, Wang
dez de la Mord gave evidence that the maximum charge andCole?®4! arguethatbecause seriesof triatomicalkali
on several globular proteins retaining a compact structure, metal halide ions with well-definedproperties,and char-
and several compact ‘starburst’ dendrimers, was betweenacterizedoy higher solvation enthalpies are observedn
65 and 110% of the charge corresponding to the Rayleigh consistentlyhigher abundanceshan those of an analo-
limit calculated for these spherical structures (as shown in gous seriescharacterizedy lower solvation enthalpies,
Fig. 3). Because the charge carried by the compact poly-a chaged residuescenariois responsiblefor the forma-
mers constitutes such a large proportion of the maximum tion of thesetriatomic (and larger) clusters.They amue
allowable charge given by the Rayleigh limit, it was con- that an ion evaporationmechanismwould predict the
cluded that a charged residue scenario was at work fOfoppositetrend_The teamsof Kebarleand Peschk& and
molecules having masses above at least 3300 Da. It wasyang and Cole*®4! both acknowledgecertain unproven
further rationalized that after the last fission event Ieading assumptionmadein assertingheirrespective/iewpointsl
Moreover,bothresearchieamsreporttheir respectiveesti-
matesof the most probabledominantmechanismwith-
out excluding the other mechanismas a less favored
pathway.

100 Y T T T —T T T

"
g, o}t
- 5. HIGHER POLARITY SOLVENTS LEAD TO
g or Fpa—— HIGHER CHARGE STATES OF MULTIPLY
g * zomax CHARGED IONS
a =~ z-Rayleigh
20 | b
0 . . . \ . . . The ability to form ions characterizedby very high
02 04 08 08 1e 12 14 chage stateds unique,amongmassspectrometri¢oniza-
m (MD) tion methodsto electrosprayonization.Multiply chaged

Figure 3. Maximum and mean charge on various native proteins
compared with the Rayleigh limit (continuous curve). Molecular
weights of the proteins given on the x-axis are in units of
10° Da. Data points are taken from Tolic et al® Reprinted
from Analytica Chimica Acta, 406, J. Fernandez de la Mora,
“Electrospray ionization species proceeds via Dole’s charged
residue mechanism”’, p. 97, 0 2000 Elsevier Science Ltd.

Copyrightd 2000JohnWiley & Sons,Ltd.

ions observedn ESI-MS arisefrom moleculesthat have
undegonemultiple protonationsor attachmenof several
cations(positive ion mode),or have undegone removal
of multiple protonsor attachmenbf severalanions(neg-
ative ion mode). A typical massspectrumof a ‘pure’
compoundtherebycontainsa seriesof peaksthat are all

J. MassSpectom 35, 763-772 (2000)
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representative of intact molecules that differ in the num- 17000 2+ s a
ber of charges that they carry. The appearance of the mass rsen0e
spectral ‘envelope’ (i.e. range of charge states observed,
most abundant charge state, relative abundances of ions)
depends upon a combination of analyte, solution, gas-
phase and instrumental factdfs. ‘2’ 1oanee 4
The characteristics of the solvent influence the formation 8
of gas-phase ions in a multitude of ways. For example, the &
onset potential for electrospray (i.e. the minimum voltage ™=
required to form the Taylor cofigincreases with solution .
surface tension, the spray current increases with solution 1
conductivity, and the initial droplet size increases with ar ] 9 1*
solvent viscosity*® A higher solvent polarity shifts disso- I PSP y v
ciation equilibria to favor the formation of higher charge ey "'m - e - ':
state ions in solution. In turn, the appearance of more highly ] 2F
charged ions has been observed in the gas phase. ]
As examples of simple analytes that have the possibility .
to undergo multiple charging, diquaternary ammonium -
salts represented as GDwhere C* is the diquaternary ~‘§‘ ]
ammonium dication and Dis the counterion (e.g., C| 8 :
CF;COO"), were examined in the positive ion motfe: ]
S0008 4
CD, =CD" 4+ D~ (5) 1
3 1 V1t
CD* = C?" 4D ) ] , ]
Each of the above dissociation equilibria shifts to the right by, 1. - 1 r ] —
in solvents of higher polarity. It should be noted that the esonr w “ a " "
use of these diquaternary ammonium salts avoids any 1 2% oy
guestion of association/dissociation equilibria involving raoee
protons because the ‘permanent’ charges remain fixed on
the two nitrogen atoms. As illustrated in Fig. 4, raising - Ll
the solvent polarity (upward movement in Fig. 4) was 2 s w1+
shown to shift consistently the charge states of these E
diquaternary ammonium salts towards the Btate in g nee 1
ESI mass spectra. Analogous results were obtained in the 30000
negative ion modé>
These findings indicate that solvents of higher polar- o
ity (as measured, for example, by the dielectric con- 10008 { 2 ]‘
stant) can offer improved stabilization to charge separation M - ‘1 i e
in solution. This can, in turn, facilitate the process of ‘1 308 . se e T om
‘electrophoretic’ charging wherein solution anions migrate - " +d
towards the positively charged ESI capillary (positive ion a0 1 1
mode). The greater degree of charge separation and the 5008 padh
higher stability afforded to ions via solvation by higher
polarity solvents leads to a shift in charge states towards el
higher values in the ESI mass spectrum. Although the fate 2 1see
of the original counterions is not known for certain, higher 'E cene |
polarity solvents may (1) facilitate their removal at the 8
ESI capillary via electrochemical processes, (2) impede = 1ese
the transfer of counterions to offspring droplets during vease { ,
droplet-jet fission events and/or (3) decrease the tendency sose 4
for counterions to remain attached to multiply charged " 1, [A . 41 i \
analyte ions desorbing into the gas phase. _ e oy P — T e iy
It should be noted parenthetically that solvent polarity m/z

can also exert a profound influence on the predominant o B
form of analyte anions appearing in negative ion ESI F8WE T EEEURsRiay AR Tase BROATE Ol el solvents
mass spec_tra. When a Comp?tltlon Wa.S set up betweer!arranged in order of decreasing polarity: (a) methanol;
deprotonation (to fOI‘I’_ﬂ [M-H] ) and anion attac_hment (b) ethanol; (c) 1-propanol; and (d) 1-butanol. The peaks at m/z
(to form [M + CI]7), higher polarity solvents consistently 691 and 328 represent [M — Cl]* and [M — 2CI]**, respectively.
favored the formation of [M— H]—_46 Once again, it Reprinted from the Journal of the American Society for Mass
seems logical that the improved charge separation affordedSpgc”Ome”Y' 7, G.Wang and R. dB' go'e' dEffﬁ‘“S of S°'Ve”;
by solvents of higher polarity stabilizes charge separation . counterion on lon pairing an¢ observed charge states o
y g p : y - g p “'!diquaternary ammonium salts in electrospray ionization mass
of the analyte molecule; in this case charge separationspectrometry”, p. 1052, O 1999, with permission from Elsevier

involves dissociation of a proton. Science Ltd.
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is increased® Horizontal lines indicate the gas-phase
basicitiesof methanoland water solvents.Proteinchage
statescorrespondingo points below the horizontal line
of the solvent are not expectedto appearin the ESI
massspectrum.Apparentgas-phaseasicitiescalculated
by Williams andco-workeré’ led to predictionsof maxi-
As the final solvent molecules depart from a solvated MUM chage statesthat correlatedwell with experimental
ion that has been desorbed by either ion evaporationVvaluesfound in the literature, pointing to the conclusion
or by a charged residue scenario, one may consider thethat the maximumobtainablechage statefor proteinsis
interactions between the remaining few molecules and dictatedoy gas-phaserotontransfemreactivity with resid-

charges to be true gas-phase interactions. Williams andual solvent. ,
co-worker8”~%0 considered that the most acidic pro- As mentionedunderthe headingTenet3 above,refer-

ton on a multiply protonated peptid&, proteirf’-48 or ring to solutionsto whigh small nitrogenbaseshad _been
diaminoalkan®® cluster containing one or more solvent added,Le Blanc etal.* proposedthat gas-phaselisso-
molecules would be attracted by the solvating influence ciations of protonatednitrogen basescould occur from

of electrons located on the most basic unoccupied site of desorbedcomplexesconsisting of multiply protonated
the multiply charged molecule, as well as by those of the Proteins bearing nitrogen basesheld on by electrostatic
last few solvent molecules. They postulated that a certain attractionof the nitrogenlone pair. The subsequendepar-
‘pull was exerted on the proton by the multiply proto- turesof protonatedhitrogenbaseswere thencited asthe
nated molecule, the magnitude of which was determined Underlyingcausefor ashiftin analyteproteinchagestates
by the latter’s ‘apparent gas-phase basiciy® i.e., the toIowervalues.Thlstypeofc!sspuqﬂorthatcanradlcally
intrinsic gas-phase basicity of the remaining unproto- alter o_bservecbhalge statedistributionswas proposedo

nated site characterized by the highest basicity, minus©ccurin the gasphase. .

the coulomb energy exerted by existing charges upon this More recentexamplesof the influence upon the ESI

site. An opposing ‘pull’ was exerted by the remaining sol- massspectrunof residualsolventmoleculesstill clinging

vent whose magnitude was determined by the gas-phasd® 92s-phasanalyteionsareelaboratediponin Enkeand
basicity of the solvent molecule(s). They reasoned that co-workers! featurearticlein this issuedetailingpositive
the maximum charge state obtainable for a given multi- i0n modeexperimentsandin negativeion work involv-

ply charged ion was determined in this final competition N9 chloride anion attachmento neutral moleculescon-
between the highly charged ion and the solvent. When the tainedin avariety of chlorinatedsolvents:* In comparing
multiply charged ion bore so many protons (occupying the Selvents of differing chloride affinities and employing
sites of highest basicity) such that the next proton to be &niline as an analyte that producesno [M — H]™ sig-

added could not be afforded the stability that it would N2 it wasestablishedhatchloroformsolvent(relatively
enjoy attached to a single solvent molecule, the point of Nigh chloride affinity) scavengednostavailablechloride
maximum analyte charge state had been reached. anions, leaving almostnone to attachto neutral aniline

Figure 5 illustrates the decrease in apparent gas-phasdnoleculesthusyielding a very weak(aniline + CIJ™ sig-

e i nalin the shadowof a towering[chloroform+ Cl]~ peak.
basicity as the charge state of a protein (cytochrene However, when carbontetrachloride(very low chloride

affinity) was employedas the solvent, a strong signal
for [aniline+ Cl]~ appearedas the basepeak with no

detectabldCCl, + Cl]~ peak.Interestingly,owing to the
presencef chloroformasatraceimpurity in the reagent-
gradecarbontetrachloridea sizeabldCHCI3 + Cl]~ peak
was presenf? The presenceof this peak reinforcesthe
notion that gas-phasétugs-of-war’ to capturethe CI~

anions occur among the final few droplet constituents.
While carbon tetrachloride obviously cannot compete,
aniline was presentin overwhelmingconcentrationrel-

ative to chloroform in this latter system,but the supe-
rior strengthof chloroform binding apparentlybecame
highly determinantas fewer and fewer other molecules
remained.

6. GAS-PHASE PROCESSES INTIMATELY
INFLUENCE THE MAXIMUM CHARGE STATE,
CHARGE STATE DISTRIBUTION AND SIGNAL
INTENSITY
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Figure 5. Apparent gas-phase basicity as a function of charge
state of cytochrome ¢ ions: measured (solid circles); calcu-
lated, linear (open circles); intrinsic (solid triangles); calculated,
x-ray crystal structure (solid diamonds); calculated, o-helix
(open squares). The dashed line denotes the gas-phase basic-
ity of methanol [174.1 kcal mol~" (1 kcal = 4.184 kJ)] and the
dashed dotted line indicates the gas-phase basicity of water
(159.0 kcal mol~"). Reprinted with permission of the American
Chemical Society from Ref. 48.
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7. HIGHEST ABSOLUTE SENSITIVITY IS
OBTAINED FROM SINGLE-ANAL YTE
SOLUTIONS RUN AT THE LOWEST FLOW-RATE
THROUGH NARROW DIAMETER CAPILLARIES

The typesof moleculesthat can be detectedvia ESI-MS
rangefrom organic or inorganic saltsthat are inherently
chagedin solution, to polar neutral speciesthat exhibit
association/dissociatiodynamicsof small ions such as

J. MassSpectom 35, 763-772 (2000)
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protons, to non-polar species that undergo electrochemicaldescribed as ‘mass flux sensitive’ (i.e. response is pro-
oxidation/reduction at the ESI capillaty.>° The biggest portional to the absolute quantity or ‘mass’ of material
restriction is that analytes must dissolve in a solvent presentf®
exhibiting moderate conductiviti?>¢57 Notably, ana- The number of charges per droplet and the radius of the
lytes exhibiting a higher degree of surface activity are initial droplet are both dependent on the solution flow-rate.
known to produce higher intensity signals up to a cer- Wilm and Manif®¢’ reasoned that in the nanoflow regime,
tain size limit. The increased response is attributed to smaller droplets characterized by higher surface-to-volume
improved desorption characteristics of the surface-active ratios permit higher desorption efficiencies of charged ana-
compoundg>36.58 lyte molecules. In addition, the smaller aperture capillaries
The solution containing even a purified analyte that is (i.e. 1-2um inner diameter) employed give a narrower
to undergo ESI analysis cannot be considered to be a ‘sin-dispersion of sprayed droplets, hence sample transfer into
gle electrolyte’ system. Electrochemical reaction products the mass spectrometer is more efficient~&0 nl min*
are present (see Tenet 1), and impurities may inevitably flow-rate may thus increase overa_II ionization efnc[ency
enter from various sources, including reagent-grade soi-by more than two orders of magnitfdecompared with
vents that often contain10-° M Nat, or contamination  the conventionall min~* range. Nanoflow sprayers yield
of the capillary line and fittings. Moreover, electrolytes are droplets sizes below 200 ntf®” The improved ioniza-
often added to sample solutions to promote desorption of tion efficiency and high ion desorption rates have resulted
specific types of ions (e.g. acid, to promote the formation in reports of extremely low limits of detection, such as
of MH*, or base, to increase the yield of [MH]"). oamolmh - (..e. 5x 10~ mol mI™) for methionine-
The presence of high quantities of added electrolytes €nkephalirt® and 32 amol mi* for neurotensift® Fur-
will result in the suppression of analyte signZ§° The thermore, low flow-rates clearly allow for reduced sample
magpnitude of the suppression will depend upon the rel- Consumption and extended acquisition times, a combina-
ative desorption characteristics of the analyte (that aretion that can lead to improved signal-to-noise ratios via
highly influenced by properties such as surface activity) Signal averaging over extended time periods.
versus those of the other electrolytes present. In prac-
tical terms, analyte signal suppression caused by com-

o hoso o e on mass 8- THE AMOUNT OF INTERNAL ENERGY
J 9 pray IMPARTED TO GENERATED IONS IS THE

spectrometry, and solutions containing high-concentration LOWEST OF ALL MASS SPECTROMETRIC
electrolytes should be avoided. Signal suppression may,y\7ATION TECHNIQUES

prevent the successful analyses of complex mixtures, espe-
cially when only trace quantities of the compound(s) of

interest are present. In the$e cases, chromatographic isoCompared with other desorption/ionization methods, evi-
lation (either off-line or on-line) of the target compounds dence suggests that electrospray is a ‘softer’ ionization

prior to ESI-MS analysis can result in vastly improved method. Wysocki and co-workes showed that MH
signals. . . - ions desorbed by ESI are cooler than the same proto-
To handle high solution flow-rates [e.g. 20min™"10  nateq molecules produced by liquid secondary ion mass
2 ml min— used in conventional liquid chromatography ghectrometry (LSIMS). In the same vein, the distribu-
(LC)], many ES| sources incorporate a counterflow stream jon of MH+ jon structures was not as complex as that
of bath gas? pneumatically assisted nebulizatithf? obtained by LSIMS, and a stable form was shown to dom-
and/or heatin®*** to facilitate liquid break-up. Ina device  inate in ESI for small peptides containing a basic amino
providing pneumatic assistance, high-pressure nitrogengciq. |n the ESI process, it seems reasonable that the
delivered to the region where solution is emerging from internal energy (vibrational and rotational) of a charged
the ESI capillary provides a shearing force to aid aerosol gnajyte—solvent cluster is dissipated during the desolva-
formation, as both gas and liquid are forced out of a tjon stage when loosely bound solvent molecules dissoci-
small orifice. It is important to note, however, that the ate from the final charged analyte ion. An outcome is that
best sensitivities are usually obtained in the absence ofgn extremely low degree of fragmentation is inherent to
a nebulizer gas. Ultrasonic nebuliz&an also assist the electrospray ionization process.
liquid break-up at higher flow-rates. For sample solutions  |f more structural information is desired from an
of high aqueous content, such as mobile phases commonlyes| mass spectrum without performing a true MS/MS
employed in reversed-phase LC, pneumatically-assistedexperiment, fragmentation can be promoted by vary-
nebulizers and ultrasonic nebulizers can be particularly ing the potential difference between the ‘cone’ and
useful. Of course, both approaches still rely on an imposedthe ‘skimmer’ (effectively changing the velocity of the
electric field to induce droplet charging. ions that have exited the corn®).The pressure in the
When conventionajl min—* flow-rates are employed, region between cone and skimmer [typicayl0-2 Torr
ESI is characterized as a ‘concentration-sensitive’ tech- (1 Torr= 1333 Pg] is low enough to allow an ion
niqgue, meaning that signal strength is proportional to a significant mean free path of travel before collision
concentration. This implies that in this regime, neither occurs, yet high enough that the probability for col-
subtle changes in flow-rate nor flow splitting (e.g. of post- lision is still significant. Energetic collisions between
column LC effluent) will significantly alter sensitivity. On  ions and residual gas molecules will thus result. Such
the other hand, at the extremely low flow-rates of the so- collision-induced dissociation (CID) processes, referred to
called ‘nanoflow’ regime (i.e~10-100 nl minm?), the as ‘in-source CID’ or ‘nozzle—skimmer CID,” will serve
ionization efficiency can approach 100%. Here, ESI is to break apart residual cluster ions, even at extremely

Copyright0 2000 John Wiley & Sons, Ltd. J. Mass Spectron85, 763772 (2000)
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ESI-MS of Noncovalently Bound Protein Complexes

’ Atmosphere/Vacuum .
Atmosphere . Interface ' Vacuum
, ONO®) '
1 O O 1
—> 0 o —>
. 000 :

Bulk Solution Phase ' Solvated Phase . Gas Phase
Solvated protein complex | Desolvation of highly « Stability of ion for intact
with dissociation constant v  charged droplet/fion by v protein complex may or
Kp. ! activation. ! may not reflect K,

Figure 6. Schematic depiction of solvent evaporation and the transfer of a non-covalently bound complex from solution to the gas
phase. Gentle desolvation conditions favor the detection of the intact gas-phase complex. Several protein systems yield ESI-MS data
that are consistent with the solution-phase binding constants. However, the stability of the gas-phase complex ion is not necessarily
reflected by the solution-phase binding constant. Reprinted with permission of John Wiley & Sons, Inc. from Ref. 78.

low enegies. At higher enegies, fragmentationof ana-
lyte ions will occur. Becausethe velocity of ions in
the region just after the cone is determinedin large
part by the voltage drop betweenthe cone and the
ensuingskimmer, raising the cone voltage will provoke
higherenegy collisionsbetweenions andthe neutralgas
moleculespresent,therebyinducing a higher degreeof
decomposition.

Obtainedchage statedistributionsin ESI-MSwill also
be affected, becauseaons of higher chage state arising
from a given moleculewill undego greateracceleration
thantheir lower chage statecounterpartgit is alsolikely
that desolvationof higher chage state ions occurs at
a slower rate). Becausethe number of reactive chage
sitesis increasedthe coulombenegy is higher,andthe
reactivity is increased.The combinationof thesefactors
booststhe tendencyfor higher chage stateions to shed
chages(via transferto residualsolvent,othercomponents
presentin the original solution, or residualgases).The
outcomeis that an elevatedconevoltageleadsto a shift
in chage state towards lower valuesin the ESI mass
spectrunt?

Colletteand De Pauw® useda ‘survival yield’ method
to estimate the internal enegy distribution of ions
producedby electrospray Experimentalparametersand
differencesin source desigri? were shown to exert a
substantiainfluenceon obtaineddistributions.Increasing
the cone voltage or the massof the employedcollision
gasresultedin a shift of the internalenegy distributions
towardshigher enegies, as well as a broadeningof the
curve. This behaviorwas analogizedto that of a Boltz-
mann(thermal)distribution. Employinga conevoltageof
15 eV, the estimateof the internalenegy distributionfor
an electrosprayedbenzylpyridiniumsalt yielded a proba-
bility maximumat about0.6-0.7 eV."*

An importantanalyticaloutgrowthof the gentlenature
of thetransferof analytedrom solutionto the gasphasen
ESlis thatthe three-dimensionatructuresof compounds
in solution are relatively unperturbedby the phasetran-
sition. This featurepermitsthe massspectrometriénves-
tigation of aspectof three-dimensionadtructurethat are

Copyrightd 2000JohnWiley & Sons,Ltd.

inaccessibleby other MS ionization techniques.Suckau
etal.”® establishedhe existenceof at leastthreedistinct

gaseousconformationsof cytochromec, and also read-
ily distinguishedbetweendisulfide cross-linkedRNaseA

and the denaturedvariety by examiningthe propensities
for moleculesto undego hydrogen-deuteriumexchange
in the gas phase.At about the sametime, Katta and
Chait'* used hydrogen-deuterium exchangeto probe
conformational changesof ubiquitin and lysozyme in

solution. In both approachesthe degree(and rate) of

hydrogen-deuteriumexchangas anindicatorof molecu-
lar conformationandintramoleculaminding.

Finally, anotherimportant consequenceof the mild
nature of the ESI processis that weak binding due to
specific non-covalentinteractionsthat exist in solution
can be preservedand studied in the gas phase.After
earlyexamplesgstablishedhe possibilitiesof probingspe-
cific binding betweenreceptorligand complexe® and
protein-metalion complexes? reportsof massspectro-
metrically observedon-covalenbinding now aboundin
the literature’’~"° Figure 6 illustratesin cartoonform an
intact protein complexemeging into the gas-phasafter
desorptionvia ESI. The ability to preservein the gas
phasenon-covalentomplexeghat existedin solutionhas
openedup new worlds of investigationto the massspec-
trometrist,who may nevermorebe regardecasthe analyst
with the ‘sledgehammertouch.
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