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A New Approach for the Study of Gas-Phase
Ion-Ion Reactions Using Electrospray Ionization

Rachel R. Ogorzalek Loo, Harold R. Udseth, and Richard D. Smith
Chemical Methods and Separations Group, Chemical Sciences Department, Pacific Northwest Laboratory,
Richland, Washington, USA

A simple flow reactor which facilitates the study and application of ion-ion and ion-molecule
reactions at near atmospheric pressures is reported. Reactant ions were generated by
electrospray ionization and discharge ionization methods, although any ionization sources
amenable to atmospheric pressure may be used. Ions of opposite charge are generated in
spatially separate ion sources and are swept into capillary inlets where the flows are merged
and where reaction(s) can occur. Among the reactions investigated were the partial neutral-
ization of multiply protonated polypeptides and proteins such as melittin, bradykinin,
cytochrome ¢, and myoglobin by reaction with discharge-generated anions, the partial
neutralization of multiply charged anions of oligodeoxyadenylic acid (d(pA),) by reaction
with discharge-generated cations, the partial neutralization of bovine A-chain insulin anions
by reaction with myoglobin [M + nH]"" ions, and the reaction of multiply protonated
melittin with discharge-generated cations. The cation-anion reactions generally resulted in a
shift to lower charge (higher mass-to-charge ratio) in the products’ charge state distributions
and the transfer of solvent molecules to the macromolecule products. Multiply protonated
melittin was detected in a less highly solvated state with the positive discharge in operation.

(] Am Soc Mass Spectrom 1992, 3, 695-705)

espite the importance of ion-ion neutralization
Dand recombination reactions in chemistry, gas-
phase ion-ion studies have received only a
small fraction of the attention granted to ion-neutral
reactions. Previous theoretical and experimental stud-
ies [1-3] have examined reactions of small ionic species
relevant to plasma, flame, and atmospheric chemistry,
but there have been no literature reports concerning
ion-ion interactions of large gas-phase molecules, de-
spite their possible relevance to important solution-
phase processes. No doubt this absence can be at-
tributed to the dearth of methods capable of generat-
ing such ions. Recently developed electrospray ioniza-
tion (ESI) techniques efficiently produce such anionic
and cationic species at atmospheric pressure [4-10). In
this article we provide a detailed report on methods
developed for gas-phase ion-ion reaction studies along
with several examples of reactions of highly charged
macroions generated by ESIL
Electrospray ionization transfers nonvolatile species
from solutions into the gas phase, generating multiply
charged ions from many classes of high molecular
weight compounds [4~16]. Multiple charging is bene-
ficial to our mass spectrometric studies because resid-
ual charges still allow sensitive detection even after
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one or more charge sites have been neutralized. Qur
initial investigations have concentrated on processes
such as “partial” neutralization (where multiply
charged cations react with singly or multiply charged
anions to produce less highly charged species), and on
possible reactions between ions of the same polarity.
Remarkably, preliminary results also indicate that
charge inversion may be accomplished in amenable
systems [17]. These experiments rely upon a novel ESI
inlet/flow reactor which is generally applicable to
atmospheric pressure ion source instruments. It has
also been applied to ion-molecule reactions [18], and
should allow pursuit of a new range of fundamental
studies.

Experimental

The ESI source and the mass spectrometer emplayed
in these studies have been described previously
{19, 20], but a new capitlary interface (Figure 1)
replaced the nozzle inlet design used in our earlier
work [8, 19-22]. This device, a variation upon the
glass capillary inlet developed by Whitehouse et al.
[23] for ESI, was fabricated in the shape of a “'Y" from
three 6 cm lengths of 0.75 cm o.d., 0.15 cm id. preci-
sion bore glass tubing. The two arms of the “Y-tube”
were attached at a 60° angle, providing two inlets that
enabled charged species, formed from spatially sepa-
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Figure 1. Diagram of the ESI interface incorporating a Y-shaped
capillary inlet/reactor. (Not drawn to scale.)

rated ion sources, to be merged. An electrically con-
ductive silver coating was deposited on each of the
three ends of the Y-tube reactor to allow the electric
fields at the capillary inlets and outlet to be indepen-
dently defined. The skimmer, located downstream of
the capillary interface, was held at ground potential. In
some experiments, metal apertures ©.4-1.0 mm i.d.)
were positioned over the inlets to reduce the gas flow
into the vacuum system and pressure in the reaction
region.

Studies were also performed with a stainless steel
capillary reactor [9]. Metal Y-tubes were fabricated
from three 6 ¢m lengths of 0.16 cm o.d., 0.10 cm i.d.
tubing silver-soldered to a stainless steel post drilled
with a Y-shaped channel. The Y-tube reactor was bi-
ased from 0-500 V relative to the skimmer with a high
voltage power supply.

For these studies, ESI droplet desolvation was
accomplished in one of two ways. The glass capillary
employed either a warm, countercurrent flow of N,
(80°C) and/or an auxiliary heating element which
warmed the capillary to 70-200°C. The countercurrent
N, was delivered to each inlet of the Y-tube in the
annular space enclosed by a brass “tee’” sleeved over
the glass capillary tubing. The tees were electrically
isolated from the inlet electrodes and could be biased
separately to enhance ion transmission into the capil-
lary. For the metal reactor, desolvation was promoted
by electrical heating [24, 25). Currents from 0-20 A
were applied across one arm and the base of the
inlet/flow reactor. The other arm was heated with a
separate supply, in parallel with the same current
supply, or was left unheated, depending upon the
particular experiment. Very little heat transfer occurred
between heated and unheated portions of the capillary.
For some of the metal capillary studies a transverse
flow of N, (80°C) was also added to assist in desolva-
tion. Capillary temperatures were indicated by a
chromel alumel thermocouple. Optimum settings for
capillary temperature and capillary-skimmer bias de-
pended upon whether one or both inlets was open and
upon the capillary or aperture i.d. Larger i.d.s required
higher capillary temperatures and/or higher
capillary-skimmer biases for optimum analyte sensitiv-
ity.

yThe studies reported here employed three different
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modes of operation: single ESI source, dual ESI sources
(+and - polarities), and ESL along with an atmo-
spheric pressure discharge source (+ /-, —/+, or
+ /+ ). Our methanol liquid sheath ESI source and its
typical operating parameters have been described
[20-22]. The discharge source consisted of a 5 X
107 ohm current-limiting resistor in series with a stain-
less steel needle. Discharges were struck in air be-
tween the inlet electrode and the needle, positioned
1-4 mm in front of the electrode. Voltages ranging
from 2-5 kV were applied to the needle, and discharge
currents, measured by an internal ammeter in the high
voltage power supply, were varied from 10~100 uA.

In the single source mode, an ESI source sprayed
into one inlet arm while the other unused inlet arm
was either left open to atmospheric pressure or sealed.
Measurements from a thermocouple gauge, off-axis
from the molecular beam, indicated that the pressure
in the first differentially pumped region was gener-
ally ~ 2 torr with both inlet arms open, and ~ 1.3
torr with one inlet sealed. The single source mode was
also used to explore ion-molecule chemistry with an
ESI source positioned at one inlet arm, while the sec-
ond inlet delivered neutral reactant gas [18]. Dual
source studies employed either a positively biased ESI
source and a negative discharge in air, a negatively
biased ESI source and a positive discharge in air, or
positively and negatively biased ESI sources. Addi-
tional studies were performed with two positive polar-
ity sources. Comparisons between dual and single
source operation were made by switching on and off
the high voltage bias on either source, while maintain-
ing constant all other parameters. Thus, the interface
pressure was always the same for the comparisons,
The two sources were electrically shielded from each
other by a grounded aluminum sheet. The discharge
source was occasionally displaced radially from the
capillary inlet, preventing ion introduction, to confirm
that observations attributed to ion-ion interactions were
not artifacts induced by the discharge’s electric field,
and actually depended on the presence of discharge
10NS.

Biochemical samples were obtained from Sigma
Chemical Company (5t. Louis, MO}, except for
oligodeoxyadenylic acid (P. L. Biochemical,
Milwaukee, WI). The samples were used without fur-
ther purification. Analyte solutions for negative ion
electrospray were prepared in deionized water or
deionized water with 1-3% ammonium hydroxide,
while solutions for positive ion electrospray were pre-
pared in deionized water with 5% acetic acid.

Results and Discussion

Operation with ESI and Discharge Sources of
Opposite Polarities
Atmospheric pressure ionization mass spectrometry

and ion mobility studies have determined that
O, (H,0),, clusters are the major reactant ions gener-
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ated by negative ion discharge sources in air [26].
Negative ion mass spectra confirmed their generation
in our corona discharge source, showing O; (H,0),
cluster ions with n=4-12 at a capillary outlet-
skimmer (OS) bias of —160 V. [The OS bias refers to
the potential applied between the grounded skimmer
and the metallized outlet (exit) of the capillary tubing.]
The observed cluster distributions do not necessarily
reflect the true ion composition inside the capillary
inlet/reactor, however, due to the opposing effects of
clustering in the supersonic expansion at the capillary
reactor outlet and collision-activated dissociation
(CAD) in the OS region [27].

ESI of equine cytochrome ¢ (M, 12,360) with an
OS bias of +365 V and a 180°C glass capillary yields
the 19+ to ~ 9+ multiply protonated molecules, as
illustrated in the upper spectrum of Figure 2. The
lower spectrum was obtained under the same condi-
tions, but with negative ions from the discharge source
(20 pA) introduced into the second inlet arm. Opera-
tion of the discharge attenuates the highest charge
states, while increasing the intensities of the [M +
9HJ’*, [M + 101"°", and [M + 11H]*'* ions, leading to
a shift in the charge state maximum of about two
charges. Approximately 70% attenuation of the total
positive ion signal was observed with the discharge
“on.” Because this estimate does not take into account
the reduced quadrupole transmission and detection
efficiency at higher mass-to-charge ratio (lower charge),
it may overestimate any actual “loss” in ion signal.
Employing larger discharge currents leads to greater
shifts in the charge state distribution, and also greater
reductions in signal levels; for example, in shifting the
cytochrome ¢ charge state maximum down to the 10+
state with a 100 wA negative discharge current, we
obtained less than 1% of the discharge “off” signal
(sum of intensities from m/z 500 to 1900). Because of
the large signal losses, we could not determine whether
even larger discharge currents would shift the charge
state maximum below the [M + 10H]'*" charge state.
Factors contributing to the signal loss will be discussed
later. For a fixed OS bias, increases in the discharge
current also lead to increases in peak widths. As will
be explained subsequently, we attribute the increased
peak width apparent with the discharge operating to
increased solvation of the multiply protonated analyte
molecules.

Similar shifts to lower charge states accompanied
discharge operation when the 26 residue peptide,
melittin (M, 2846) was sprayed into the glass capillary
inlet/reactor at an OS potential of +230 V and a
capillary temperature of 180 °C, as shown in Figure 3.
In the absence of the negative discharge, the 3+ to
6+ multiply protonated molecules were the primary
ions detected [21, 22]. Operating the corona discharge
simultaneously (70 wA) attenuated the [M + 6H]®"
and {M + 5HI°* charge states, while enhancing the
intensity of the [M + 3H]*" charge state. (At higher
detector sensitivities, enhancement of the [M + 2FH]**
intensity was also apparent) The fotal positive ion
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Figure 2. ESI mass spectra for horse heart cytochrome ¢ (M,
12,360) obtained without (top) and with (bottom) the negative
discharge in air. Both spectra are plotted on the same intensity
scale.

signal (sum of ion intensities from m/z 400 to 1500)
showed a loss of approximately 40% with the dis-
charge source operating. Increased solvation of proto-
nated melittin molecules under discharge operation
was apparent at lower capillary temperatures (<
120°C).

When equine myoglobin (M, 16,951) was sprayed
as a positive ion, the total ion signal loss inflicted by
operation of the discharge appeared to be more severe
than for the two previous examples, as shown in
Figure 4. With a 20 wA negative discharge cur-
rent, +335 V OS bias, and 200°C glass capillary, the
maximum in the myoglobin charge state distribution
shifted from the 19+ to the 144 charge state.
Approximately 97% of the total positive ion signal was
lost. For the wide range of experimental conditions
evaluated, a shift in charge state maximum always
corresponded to a significant loss in total positive jon
signal.

That increased ion solvation accompanies discharge
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Figure 3. ESI mass spectra of melittin (M, 2846) obtained with-
out (top) and with (bottom) the negative discharge in air. Both
spectra employ the same intensity scale,

operation is understandable, because the corona dis-
charge source is expecled to generate the solvated ions
Q, (H,0),, rather than bare Oj. Even though the
discharge source itself may generate oxygen anions
with relatively few coordinate water molecules, the
ESI process and the capillary interface do not com-
pletely exclude solvent molecules, ensuring that there
are plenty of H,0 and CH;OH molecules available
downstream for clustering about O; and 05 (H,0),
anions as the two gas streams merge. Thus, it is feasi-
ble that ion-ion interactions with solvated anions could
transfer solvent moiecules to the multiply protonated
analyte. The present results suggest that this solvent
transfer occurs highly efficiently.

To probe this discharge-dependent solvation
behavior more carefully, we examined the peptide
bradykinin (M, 1060) by using a metal Y-tube reactor
at a temperature of 250°C, an OS bias of +280 V, and
an 8 pA discharge current. ESI of bradykinin yields
primarily [M + 2H]** and [M + H]* ions, although a
small amount of [M + 3H]** was observed. Figure 5
illustrates the increased H,O solvation accompanying
discharge operation. The [M + 2H]** ion signal
intensity is reduced by about 95% with the discharge
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Figure 4. ESl mass spectra of equine myoglobin (M, 16,951)
without {top) and with (bottom) the negative discharge in opera-
tion. Both figures are plotted on the same intensity scale. B =
background from the sheath solvent.

on, while the [M + 2H + 12H,01?" ion signal is about
five times more intense. The increase observed in
highly solvated [M + 2HI** ions appears roughly con-
sistent with the attcnuation of [M + 3HJ?' ions. At
higher OS biases (e.g.,, +340 V), collisional activation
downstream in the OS region leads to evaporation of
essentially all of the water from the doubly charged
ions, leaving only [M + 2H]*" and very small contri-
butions from [M + H + Nal**, [M + 2Na]**, and [M
+ 2H + nCH,OHI?* (n = 1-3) ions in the m/z
500-700 range with the discharge off. (Note that
methanol is employed as the sheath solvent in the ESI
source.) With the discharge on, the [M + 2H +
nCH,OHI?* ions double or triple in intensity. It seems
likely that methanol, released by droplet evaporation
in the capillary, clusters with the discharge-produced
anions and is subsequently transferred to the analyte
cations, presumably during charge transfer. The signal
losses noted earlier for discharge operation preclude a
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Figure 5. Increased H,O solvation accompanying discharge op-
eration. Positive ion ESI mass spectra of bradykinin (M, 1060)
without (top) and with (bottom) negative discharge operation.
Both spectra are plotted on the same intensity scale.

complete evaluation of the correlation between the
increase in solvation for low charge state cations and
the attenuation of total positive ion signal.

Evaporation of attached solvent molecules is likely
to play a crucial role in dissipating the excess energy
released by ion-ion reactions, thus avoiding the disso-
ciation processes which might otherwise accompany
them. Initially we wondered if the products of ion-ion
reactions might emerge with fewer solvent adducts
than their precursors because of evaporation. That hy-
pothesis is not supported by the present experiments.
However, future experiments employed improved ion
desolvation prior to the Y-tube inlet/ reactor, and
which independently vary capillary temperatures in allf
three regions of the Y-tube, may provide additional
insights.

The results obtained in the discharge reactions were
quite sensitive to experimental parameters. For exam-
ple, the shift in charge state maximum and reduction
in total ion signal depended on the molecule studied
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and on the magnitude of the discharge current, needle-
inlet spacing, OS bias, and the inlet aperture size.
These parameters are interrelated, governing the num-
ber of positive and negative ions delivered to the
inlet /reactor, the pressure in the capillary reactor OS
region, and the amount of solvent association induced
by discharge operation. Comparisons between spectra
obtained with the discharge “on”” and “‘off’” were al-
ways performed at constant OS bias, but selecting the
appropriate value for that bias was often critical for
observing the increased intensity that the lower charge
states experienced with the discharge on. If the OS bias
was set too low, increased ion solvation was the domi-
nant effect, and no [M + nHI"" charge state intensities
were enhanced by discharge operation, although the
integrated intensity over all solvent peaks (e.g., [M +
nH + mH,0I"*, m > 0) of the lower charge state ions
were often enhanced. That is, while the [M + nH]"*
abundance may not have increased during discharge
operation, the sum of [M + nH|"™*, [M + nH +
H,O**, [M + nH + 2H,OJ**,...,and [M + nH +
mH,O)** abundances would often be observed to
increase. The selected OS bias also affected the location
of the observed maximum in the charge state distribu-
tion. For the equine cytochrome ¢ study at OS5 = +365
V, then 9+ to 11+ charge states increased in abun-
dance with the discharge in operation, but at +250 V
the increase was seen only in the 9+ to 10+ states and
the [M + 11H]"* ion was strongly attenuated. At OS
= +250 V the full width half-maximum of the 10+
and 11+ charge state peaks were about 10 times those
at OS = +365 V, reflecting increased solvation. Hence,
observations are quite dependent on the OS potential
selected, and higher OS biases generally lead to better
sensitivities for lower charge states and better desolva-
tion (although too high of a bias can still induce
dissociation).

Increased relative abundance of the mass 98 adduct
was also observed to accompany discharge operation
for some samples, for example, myoglobin and cy-
tochrome ¢. Chowdhury et al. [10] have shown that
this common adduct often arises from sulfate or phos-
phate contamination. Because the discharge is unlikely
to be the source of sulfate- or phosphate-related an-
ions, the increased adduct contributions are probably
another consequence of the increased solvation under
discharge operation. Counterion removal by collisional
activation is expected be be less effective for increas-
ingly solvated molecules.

Although the total ion signal losses observed in the
previous examples arise in part from the reduction in
charge state coupled with the mass spectrometer’s
reduced transmission efficiency at higher mass-to-
charge ratio, other loss mechanisms may also con-
tribute. The optimum OS bias for detection of high
charge states (without dissociation) is generally lower
than the optimum OS bias for low charge state detec-
tion. (Ideally, one would like to ramp the OS bias as a
function of mass-to-charge ratio, provided that CAD
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products from higher charge state ions are insignificant
or could be differentiated from low charge state com-
ponents.) Because these studies held the OS bias con-
stant for comparison with and without the discharge,
there is some reduction in detection efficiency for lower
charge state ions. The increased solvation observed to
accompany discharge operation probably also shares
responsibility for the signal losses, because the analyte
ions which emerge from the capillary inlet/reactor
have widely varying amounts of water or methanol
attached. Consequently, the ion signals for a single
charge state are spread over a large mass-to-charge
ratio range. Operating at higher OS biases reduces the
extent of solvation, although in some cases the bias
voltage is limited by dielectric breakdown in the OS
region. Also, the effect of an elevated OS bias on a
heavily solvated molecule (desolvation) must be bal-
anced by its effect on a nonsolvated one (dissociation).
In cases where the range of analyte ion solvation is
extensive, mass spectrometry may not be capable of
quantitatively comparing analyte signals with and
without the discharge.

Now we return to the issue of dissociation, but from
a slightly different perspective, one in which the ana-
lyte ions are deliberately fragmented at high OS biases
to study the effect of discharge operation. Figure 6
illustrates ESI mass spectra obtained for ovine myo-
globin (M 16,923) at OS = +560 V with a glass capil-
lary at 180°C, both with and without discharge opera-
tion. The top spectrum is a typical CAD mass spec-
trum for myoglobin [8a]. Clearly, operation of the
negative discharge reduces the extent of dissociation.
The reductions in charge state and in fragmentation
which are observed upon operation of the negative
discharge are consistent with an ion-ion charge site
neutralization reaction occurring in the high-pressure
capillary after the two ion streams have merged, but
before the OS region whete dissociation is induced.
Because higher charge states are preferentially dissoci-
ated at elevated OS biases due to their higher transla-
tional energies [8, 22, 28], any reaction reducing the
number of highly charged ions in the inlet/reactor
leads to a reduction in dissociation downstream in the
OS5 region. Behavior similar to Figure 6 has also been
observed for melittin at high OS biases. This experi-
ment differs from the ion-molecule studies of
McLuckey et al. [29] which probed the reactivities of
melittin CAD products. Those studies generated and
isolated CAD products prior to reaction, while in these
studies we attempt to generate CAD products after
reaction. Conceivably, product reactivities could be
examined in our apparatus (albeit without reactant
selection) by heating the ESI inlet arm to higher tem-
peratures to thermally induce dissociation [24, 25] prior
to the ion-ion interaction region.

Small discharge currents affected the spectra of
highly charged proteins much more than the spectra of
less highly charged peptides. For example, the melittin
spectrum (see Figure 3b) was obtained with a 70 uA
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Figure 6. (Top) ESI mass spectra of ovine myoglobin (M, 16,923)
at OS = +560 V with only the ESI source operating. (Bottom) ESI
mass spectra of myoglobin at OS5 = +560 V with the negative
discharge in operation. The figures are plotted on the same
intensity scale.

0

negative discharge current, while a discharge current
of only 20 pA was used to obtain the cytochrome ¢
spectrum illustrated in Figure 2b. These differences are
illustrated further in the ESI mass spectra for a mixture
of melittin (7 x 10 * M) and equine cytochrome c
(5.7 ¥ 107% M) at OS5 = +400 V and a metal capillary
at 250°C, as illustrated in Figure 7. [Note that because
the spectra obtained in Figure 7 employed metal aper-
tures positioned over the inlets that differed from
those used to obtain Figures 2 and 3 (see Experimen-
tal), as well as different needle-inlet spacings on the
discharge source, the Figure 7 spectra are not directly
comparable to the spectra in Figures 2 and 3.] Al-
though operation of the 13 pA negative discharge
attenuated the cytochrome ¢ signals by approximately
70% (sum of intensities 14+ to 18+ charge states), as
illustrated in Figure 7, the melittin ion signals werc
attenuated by only 30% (sum of intensities 3+ , 4+,
and 5+ charge states). The melittin [M + 4H]** ion
{(peak intensity offscale in both panels of Figure 7) is
approximately 3.3 times as abundant as the [M +
5H]"* ion. Apparently, the extent of multiple charging
affects the reactivity of the ions in the capillary
inlet /reactor, consistent with anticipated relative cross
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Figure 7. (Top) ESI mass spectra of a mixture of equine
cytochrome ¢ and melittin with OS = +400 V. (Bottom} As
above, but with operation of a 13 xA negative discherge in air.
The spectra are plotted on the same intensity scale. M' = melittin;
M = cytochrome c.

sections for lon-ton processes. The differing responses
of melittin and ¢ytochrome ¢ to discharge operation
provide a unigue approach to mixture analysis. Under
these inlet/ reactor conditions, an OS bias of +550 V is
sufficient to induce dissociation in melittin, but not in
the cytochrome c; hence, the m/z 1000-1500 region of
the BESI mass spectrum (Figure 8, fop) is composed of
melittin product ions, cytochrome ¢ M + 11H Y, [M
+ 10H]'*", and [M + 9HP’* ions, and melittin [M +
2H]*" ions. Operation of the 13 A negative discharge
under these conditions attenuates or even eliminates
the melittin product ions, enhances the abundances of
the cytochrome ¢ [M + T1IHIM* and M + 10H}°F
jons, and decreases the abundance of the melittin [M
+ 2HP* ion.

Up to now we have focused exclusively on the
negative discharge/positive ESI source combination.
We have also studied the opposite combination: posi-
tive discharge/negative ESL Positive discharges are
known to produce (H,0), H*, (CH,OH), H", or proto-
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Figure 8, ESI mass spectra of a cytochrome ¢ /melittin mixture
without (top} and with (botiom) the negative discharge. O8 =
+550 V. Both spectra are plotted on the same intensity scale,
M’ = melittin; M = cytochrome c. All labeled product ions arise
from melittin.

nated mixed water /methanol clusters [27, 30], thus,
they ate the most likely cationic reactants for our
positive discharge studies. Deprotonated oligo-
deoxyadenylic acid (d{pA),, M, 957} was employed as
the anionic reactant. The negative ESI mass spectra of
d(pA); with and without operation of the 5 uA posi-
tive discharge are shown in Figure 9. Both spectra
were obtained with OS5 = —265 V, a metal capillary at
230°C, and are plotted on the same intensity scale.
These results bear several similarities to those from the
negative discharge /positive ESI studies. First of all,
operation of the discharge attenuates the highest charge
states spectes, [M — 3HI*~ and [M — 2H)*", while en-
hancing the intensity of the low charge state [M ~ H]"™.
It leads to a loss of total ion signal, although we do not
know how much of this loss arises from neutralization
of the d(pA), ions. Finally, discharge operation re-
duces the extent of negative ion dissociation by reduc-
ing the number of highly charged ions—the ions most
likely to undergo dissociation. Facile adenine ion loss,
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Figure 9. ESI mass spectra of d{pA); without (top) and with
(bottom) operation of a 5 A positive discharge in air. Both
spectra were obtained with OS = —265 V and are plotted on the
same intensity scale. The peaks at m/z 659, 666, and 674 are
assigned to triply charged dimer ions of d(pA), with 3, 4, and 5
sodium atoms attached, respectively. There may also be a contri-
bution to the dimer ion peak labeled [2M — 7H + 4Na)~ at
m/z 666 from (w; — H + Na)”™ or (b; — H + Na)™ predicted
at m/z 665.

noted in a tandem mass spectrometry study of small,
multiply charged oligonucleotides [31], is also evident
in Figure 9. The ion at m/z 643 is attributed to a wy
product, using the nomenclature proposed by
McLuckey et al. [31], and based on their observation
that adenine loss was generally followed by cleavage
of the 3’ phosphodiester linkage of the sugar from
which the adenine was lost. (See Scheme 1.) A possible
alternate assignment for m/z 643 is by .

The intensity behavior of the sodium adduct ions is
particularly informative. Without the positive dis-
charge (Figure 9, top), this sample yielded triply
charged d(pA), as [M — 3HP ™ exclusively and doubly
charged d(pA); as [M — 2H]*~ and [M — 3H + Nal*~
with nearly equal abundances. Singly charged d(pA),
was primarily observed as (M — 3H + 2Na] ™. Sodium
is attached preferentially to lower charged oligonu-
cleotide anions [8b, 16]. Discharge operation altered
these relative abundances dramatically. While triply
charged d(pA), continued to be present as [M — 3H]*~
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exclusively, [M — 2H]*~ became twice as abundant as
[M — 3H + Na]*". The monoanion, no longer ob-
served as [M — 3H + 2Na]", was primarily present as
[M — H]~ with a small amount of [M — 2H + Na] .
The reduced sodium adduct contributions after reac-
tion suggest that the ions retain some memory of their
heritage, because under normal ESI conditions, low
charge state anions would be more likely to carry
attached sodium than would highly charged anions.
Thus, the [M — H]~ anions observed under discharge
operation likely arise from proton transfer to [M —
3H}*~ and [M — 2H]?", rather than from direct ESL.
The ratio of [M — H]™ to [M — 2H + Na]™ in the
discharge “on” spectrum suggests that two protons
may be transferred under these conditions, supporting
our hypothesis that neutralization may contribute sig-
nificantly to the overall signal loss suffered by d(pA),
under discharge operation. These arguments also sug-
gest that the sodium adduct contributions decreased
after reaction because the lower charge state species
were more likely to be neutralized. Triply charged
dimer ions at m/z 659, 666, and 674 (with 3, 4, and 5
attached sodium atoms, respectively) vanish with dis-
charge operation, but do not produce the correspond-
ing doubly charged ions at m/z 989, 1000, and 1011.
(Although [2M — 6H + 4Na]?~ would overlap with
[M — 3H + 2Na]~ at m/z 1000, doubly charged
dimers at m/z 989 and 1011 would not be obscured
by singly charged monomers) Perhaps the excess
kinetic energy released in the ion-ion neutralization
(after evaporation of any attached solvent) is suffi-
cient to dissociate the dimer, but insufficient to frag-
ment the monomer. Dimeric products from multiple
proton transfers may be present at higher mass-to-
charge ratio.

Aside from their relevance to ion-ion reaction stud-
ies, these experiments are also of interest for their
potential utility in shifting charge state distributions.
Applications where a shifted charge distribution is
desirable include, for example, production of lower
charge state precursors for tandem mass spectrometry
comparisons of different charge states. Our experience
suggests that the ion-ion reactions studied to date for
this purpose are not as easy to control and appear to
lead to greater signal losses than do ion-molecule reac-
tions [18, 29, 32-34].

At present we have no evidence upon which to
distinguish the specific reaction(s) occurring between
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the discharge anions and the [M + nH]"* cations. Pro-
ton transfer to OF or solvated O to generate OOH -
is only one possibility. For the positive discharge/
negative ESI combination, it appears reasonable that
the relevant reaction is proton transfer from (H,0) H",
(CH,0H) ,H", or (CH,OH)_ (H,0),H" ions to the
even electron [M — nH]"~ anions. At this point in our
studies it is difficult to address questions regarding the
relevant reaction rates because we are still uncertain of
the neutralization and solvation contributions to signal
attenuation. A crude estimate performed previously
suggested that half lives of 0.1-1 s might be expected
for ion-ion reactions under dual ESI operation [17].
More studies are required to obtain reliable estimates
of the relevant reaction rates.

Operation with Dual ESI Sources

Reaction studies were also undertaken with dual elec-
trospray sources, as in our previous report on charge
inversion reactions in fluorescein and adenosine 5'-
monophosphate (AMP) [17]. Those studies employed
[M — H]~ anions and [M’ + nH]"* cations as reac-
tants. We have also investigated several systems
reacting multiply charged anions. Figure 10a shows
the negative ion mass spectrum of bovine A-chain
insulin (oxidized, M, 2532), obtained with only the
negative ESI source operating (OS = -390V, capillary
temperature = 200°C). The sulfonic acid groups on
oxidized A-chain insulin are sufficiently acidic to en-
able a solution of the polypeptide in H,O to yield
negatively charged insulin. Figure 10b illustrates the
negative ion mass spectrum obtained when myoglobin
cations were introduced through the other inlet. Rela-
tive to the A-chain insulin [M — 4H]*- charge state,
the [M — 5H]°" intensity was reduced upon +ESI
operation while the [M — 3H]*~ was enhanced, consis-
tent with the earlier observation that the highest charge
states tend to be affected most by ion-ion reaction. For
the variety of conditions explored, none of the charge
states appeared to increase in absolute abundance with
+ESI operation. An over 50% loss of total ion signal
was experienced for discharge operation under the
conditions employed in Figure 10. Operation at OS5 =
—190 V yielded similar attenuations, but discharge-in-
duced enhancement of the [M — 3H]?~ relative to [M
— 4HI*~ was not observed. It is not clear how much of
the signal attenuation reflects neutralization and for-
mation of [M — H]~ lying outside of our quadrupole’s
mass-to-charge ratio range. The effect of ion-ion reac-
tions on the positive ion mass spectrum of myoglobin
was less pronounced. As in the myoglobin /AMP study
[17], only the intensities of myoglobin’s highest charge
states appeared to be reduced. In a rough comparison,
the amount of attenuation of the myoglobin high charge
states appeared consistent with the attenuation in A-
chain insulin, although at this point in our studies
uncertainties in the detector’s relative responses to
positive and negative ions provide some latitude for
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Figure 10. Operation with dual electrospray sources. (Top) ESI
mass spectra of oxidized A-chain bovine insulin with only the
negative ESI source in operation. (Bottom) ESI mass spectra of
A-chain insulin with negative and positive ESI sources in opera-
tion. Myoglobin was used for positive ESL Both spectra are
plotted on the same intensity scale.

that comparison. No insulin /myoglobin complexes
were observed.

Other studies examined equine myoglobin [M +
nH]™" reacting with porcine pepsin [M' — mH]™",
myoglobin [M + nH]"* reacting with d(pA); [M' —
mH]™~, and myoglobin [M + nH]"* reacting with
myoglobin [M — mH]™". (The production of myo-
globin and pepsin (M, 34,600} anions by negative icn
ESI has been described in a previous publication [35].)
It was clear that the high charge states of both the
anions and cations were attenuated by dual ESI source
operation, but no other type of reaction was evident.

Operation with ESI and Discharge Sources of the
Same Polarity

We have also investigated the combination of positive
discharge /positive ESI using melittin as the analyte.
The positive discharge source employed a hollow nee-
dle through which flowing gas could pass. These reac-
tions were explored in both glass and metal inlet /reac-
tors and with and without air or N, flowing through
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the needle. In contrast to the opposite-polarity reaction
studies described earlier (see Operation with ESI and
Discharge Sources of Opposite Polarities), ESI mass
spectrometry studies employing these same-polarity
(positively charged) dual ionization sources at low
temperatures (e.g., 140 °C in the 1 mm i.d. metal capil-
lary, OS = +390 V, no air or N, flow) showed de-
creased solvation accompanying discharge operation (30
uA). Under these conditions, the polypeptide [M +
nH]"* abundances were observed to increase by
150-200% with discharge operation, presumably be-
cause of the reduction in solvation. At 170°C, the
[M + nH]"* abundances increased by only 25% with
discharge operation, while at still higher temperatures,
where solvent adduct contributions were minimized
(e.g., 270°C), the [M + nH]"" abundances decreased
by 10% under discharge operation. As a comparison of
the amount of solvation under various conditions, we
evaluated the abundance ratio of desolvated molecular
ions, that is,

([M + 4H]"" +[M + 5H]"* )/

4
Y. [M + 4H + nCH,0H]**

n=0

+[M + 5H + nCH,OH]"*

This ratio reflects the contribution of desolvated melit-
tin ions relative to the total melittin ion signal in the
mass spectrum. Only the 4+ and 5+ charge states
were used in the ratio because of their dominance
under these conditions. Only solvent adduction of n <
4 was used because larger solvent clusters (especially
at 140 °C) were unresolved, possibly due to contribu-
tions from mixed H,O0/CH,OH clusters. Thus, we
suspect that this ratio somewhal overestimates the
contribution of unsolvated: solvated melittin at low
temperatures where solvation greater than n = 4 be-
comes significant. Methanol was the dominant adduct
for melittin ions solvated by 1 to 4 solvent molecules at
140 and 170°C. At 140°C the ion abundance ratios for
discharge “on” and “off” werc 0.58 and 0.43, respec-
tively, and 0.78 and 0.71 at 170 °C, indicating enhanced
desolvation with the discharge “on.”” Melittin ions
solvated by methanol were not observed with the
270°C capillary with the discharge “on’” or “off,”
although very small contributions from H,O adducts
were observed.

The reasons for the reduction in solvation under
discharge operation are not well understood. Possibly,
clustering of solvent about the positively charged dis-
charge ions in the interaction region of the inlet/
reactor reduced the amount of free solvent molecules
available for clustering downstream in the supersonic
expansion. Because the positively charged discharge
ions are expected to repel the [M + nH]"" ions, there
is no likely direct mechanism to transfer solvent from
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solvated discharge cations to the polypeptide analyte
ions, unlike the case of +ESI/ — discharge operation,
where increased solvation accompanied discharge
operation. Nevertheless, because the solvent vapor and
ion densities are estimated to differ by approximately
six orders of magnitude, it is hard to believe that the
solvation of discharge cations in the inlet could have
been large enough to reduce the solvent vapor concen-
tration noticeably. Further study is needed to
understand these observations.

In additional studies, employing the glass capillary
inlet with metal apertures (see Experimental) under
conditions which would be considered “very warm”
for that inlet /reactor (180°C, OS = +230 V), a small
amount of melittin molecular ion dissociation was ob-
served to accompany positive discharge operation,
yielding product ions similar to those noted previously
in the collisional dissociation of melittin [21]. Initially,
we suspected that these product ions might arise from
chemical ionization (CI) of neutral products resulting
from thermally induced dissociation (TID) [24, 25] in
the capillary. Further discharge studies under high-
temperature conditions yielding significant TID have
not provided any direct evidence for CI of neutrals,
however. We currently attribute the enhanced dissoci-
ation to the effect on CAD in the OS region to reduced
solvation. Evaporation of solvent molecules dissipates
some of the energy acquired from collisions in the OS5
region, making more highly solvated molecules less
likely to undergo CAD. Indeed, reduced dissociation is
observed for [M + nH]"' ions under negative dis-
charge operation. Because the solvation differences ob-
served in positive discharge “on” and “oft” mass
spectra are less pronounced at high capillary tempera-
tures, we also expect differences in the amount of
dissociation to be less pronounced under these condi-
tions. More work is needed to fully understand these
systems, and efforts toward this goal are underway.

Conclusions

A simple flow reactor has been described which allows
the study of broad classes of ion-ion reactions. The
multiple inlet design could also have utility in the
simultaneous introduction of multiple reactants or
samples and provides a simple way to introduce a
calibrant or marker without adulterating the sample
solution. Alternatively, neutral reaction gases may be
introduced into one or more arms of such an inlet [18].
Here its use is demonstrated in reactions between
discharge- and ESI-generated ions, and between ESI-
generated cations and anions. The catien-anion reac-
tions generally displayed a shift to lower charge (higher
mass-to-charge ratio) in the products’ charge state dis-
tributions and the transfer of solvent molecules to the
macromolecule products. The cation-cation reaction
yielded less highly solvated analyte ions, although the
reasons for this behavior are not yet understood.
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These studies, along with those described in an
earlier report [17], provide the first examples of gas-
phase ion-ion reactions with high molecular weight
species. Although more work is needed to ascertain
whether complete neutralization, production of low
charge states exceeding the mass-to-charge ratio range
of our instrument, or other processes play a significant
role in these reactions, such techniques hold promise
for future studies of proton and electron transfer, dis-
sociation, and derivatization of large gas-phase ions.
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